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And Lactation
Abstract
Pregnancy and lactation induce drastic changes in skeletal physiology due to the increased calcium
demand by fetal/infant growth. Although both clinical and animal studies have suggested that
reproduction leads to long-lasting skeletal changes to exert protective effects on mechanical functions of
maternal skeleton when subjected to estrogen deficiency, the underlying innate compensatory
mechanisms at the cellular level remain unknown. Recent studies have suggested that osteocytes, the
presumed mechano-sensors in bone, can actively remodel their peri-lacunar/canalicular bone matrix
during lactation, and thus affecting bone’s mechano-sensitivity. Therefore, our first goal of this thesis was
to determine both immediate and long-term effects of reproduction and lactation on bone mechanosensitivity and osteocyte microenvironment in a rat model. Our study demonstrated an improved bone
mechano-responsiveness in rats during lactation, possibly resulting from the elevated lactationassociated osteocyte peri-lacunar/canalicular remodeling (PLR) activities. Furthermore, when subjected
to estrogen deficiency, the history of reproduction and lactation may prime the microenvironment of
osteocytes through active PLR, leading to elevated mechano-sensitivity to protect maternal skeleton
against estrogen deficiency. In addition to mechano-sensitivity and osteocytes, regulation of bone marrow
adipocytes (BMAs) during reproduction and lactation may also contribute to exerting protective effects
on skeletal metabolic homeostasis. Therefore, our second goal of this thesis was to investigate the
immediate and long-term effects of reproduction and lactation on adipogenic capacity of mesenchymal
progenitors and BMAs by both rat and mouse models. Our study in the inducible AdipoqCreER:TdTomato
mice suggested a functional adaptation in BMAs through dynamic lipid alterations during one
reproductive cycle. Moreover, when subjected to estrogen deficiency, rats with reproductive history
showed lower adipogenic capacity and marked reduction in BMAs than virgins, indicating a protective
effect of lactation history against estrogen-deficiency-induced bone marrow adiposity later in life. Taken
together, this work explored the amazing functional adaptive mechanisms, at the cellular level, that
protect women with a history of lactation from postmenopausal risks, providing important insights for
osteoporosis prevention, management, and treatment in postmenopausal women by considering their
lactation history.
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ABSTRACT

ADAPTATION OF MATERNAL SKELETAL MECHANO-RESPONSIVENESS, OSTEOCYTE
MICROENVIRONMENT, AND BONE MARROW ADIPOCYTES IN RESPONSE TO
REPRODUCTION AND LACTATION
Yihan Li
Xiaowei Sherry Liu

Pregnancy and lactation induce drastic changes in skeletal physiology due to the
increased calcium demand by fetal/infant growth. Although both clinical and animal
studies have suggested that reproduction leads to long-lasting skeletal changes to exert
protective effects on mechanical functions of maternal skeleton when subjected to
estrogen deficiency, the underlying innate compensatory mechanisms at the cellular level
remain unknown. Recent studies have suggested that osteocytes, the presumed mechanosensors in bone, can actively remodel their peri-lacunar/canalicular bone matrix during
lactation, and thus affecting bone’s mechano-sensitivity. Therefore, our first goal of this
thesis was to determine both immediate and long-term effects of reproduction and
lactation on bone mechano-sensitivity and osteocyte microenvironment in a rat model.
Our study demonstrated an improved bone mechano-responsiveness in rats during
lactation, possibly resulting from the elevated lactation-associated osteocyte perilacunar/canalicular remodeling (PLR) activities. Furthermore, when subjected to estrogen
deficiency, the history of reproduction and lactation may prime the microenvironment of
osteocytes through active PLR, leading to elevated mechano-sensitivity to protect
maternal skeleton against estrogen deficiency. In addition to mechano-sensitivity and
v

osteocytes, regulation of bone marrow adipocytes (BMAs) during reproduction and
lactation may also contribute to exerting protective effects on skeletal metabolic
homeostasis. Therefore, our second goal of this thesis was to investigate the immediate
and long-term effects of reproduction and lactation on adipogenic capacity of
mesenchymal progenitors and BMAs by both rat and mouse models. Our study in the
inducible AdipoqCreER:TdTomato mice suggested a functional adaptation in BMAs
through dynamic lipid alterations during one reproductive cycle. Moreover, when
subjected to estrogen deficiency, rats with reproductive history showed lower adipogenic
capacity and marked reduction in BMAs than virgins, indicating a protective effect of
lactation history against estrogen-deficiency-induced bone marrow adiposity later in life.
Taken together, this work explored the amazing functional adaptive mechanisms, at the
cellular level, that protect women with a history of lactation from postmenopausal risks,
providing important insights for osteoporosis prevention, management, and treatment in
postmenopausal women by considering their lactation history.
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CHAPTER 1: INTRODUCTION
A. Introduction
Approximately 127 million women worldwide give birth each year [1], and
around 25% of infants born in 2017 were exclusively breastfed through 6 months [2]. In
addition to the beneficial effect of breastfeeding on infants, multiple investigations also
suggest that breastfeeding is associated with improved maternal health, including reduced
maternal risk of hemorrhage after delivery, as well as decreased long-term risk of
developing breast and ovarian cancers and type II diabetes [3]. These positive effects of
breastfeeding on both mothers and infants motivated the public health initiatives to
further accelerate the breastfeeding rates. Notably, the World Health Organization has set
a goal in 2012 to increase the rate of exclusive breastfeeding for the first 6 months to at
least 50% worldwide by 2025 [4].
Despite of the beneficial effects of breastfeeding on maternal health, the periods
of pregnancy and lactation still result in dramatic stress on the maternal physiology.
Particularly, the reproduction and lactation require substantial amounts of calcium caused
by fetal/infant growth, which can be satisfied through several mechanisms, including
increased intestinal absorption of calcium, alterations in the rate of renal calcium
excretion, and, notably, skeletal resorption [5]. Indeed, clinical studies suggest that the
female skeleton undergoes 1-4% decline in areal bone mineral density (aBMD) during
pregnancy [6-10], and 4-8% reduction in BMD during lactation [10-15]. Strikingly, the
maternal skeleton undergoes an anabolic period after weaning, but this bone recovery is
1

showed to be incomplete, resulting in a long-lasting alteration in skeletal structure in both
human and animals [5]. Despite of this partial recovery in bone structure, multiple
retrospective clinical studies have suggested that a history of reproduction and lactation
has a neutral, or even positive effect on postmenopausal fracture risk [5]. Our previous
studies suggested that rats with three repeated cycles of reproduction and lactation had
attenuated trabecular bone loss in response to estrogen deficiency by ovariectomy surgery
(OVX), resulting in greater whole-bone stiffness when compared to the age-matched
virgin OVX rats, indicating a protective effect of reproduction and lactation on maternal
skeleton against estrogen deficiency later in life [16]. However, the underlying cellular
innate compensatory mechanisms still remain unknown.
Recent studies have suggested that osteocytes, the presumed mechano-sensors in
bone, can actively remodel the peri-lacunar/canalicular bone matrix during lactation [1719]. This could lead to critical changes in their surrounding micro-mechanical
environment, and thus affecting bone’s mechano-sensitivity. Intriguingly, our previous
studies showed that the post-OVX bone loss in rats with a reproductive history was
further attenuated in the trabecular compartment of the lumbar vertebra, a skeletal region
with higher load bearing [16], indicating that reproduction and lactation may enhance the
responses to physiological load-bearing to maintain bone mechanical integrity when
subjected to estrogen deficiency. Therefore, our first goal of this thesis was to determine
both immediate and long-term effects of reproduction and lactation on bone mechanosensitivity and associated osteocyte microenvironment in rats.
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In addition to mechano-sensitivity and osteocytes, regulation of bone marrow
adipocytes during reproduction and lactation may also contribute to exerting protective
effects on skeletal metabolic homeostasis. Recent studies suggest that bone marrow
adipose tissue may play a critical role in modulating both energy metabolism and bone
remodeling [20, 21]. The dramatically increased skeletal remodeling and high metabolic
demands during pregnancy and lactation may affect the adipogenic capacity of
mesenchymal progenitors, and thus alter the mature bone marrow adipocytes. Therefore,
our second goal of this thesis was to investigate the immediate and long-term effects of
reproduction and lactation on adipogenic capacity of mesenchymal progenitors and bone
marrow adipocytes by using both rat and mouse models.
B. Background
B.1 Structural, mechanical, and metabolic functions of skeleton
As a rigid connective tissue that forms most of the adult skeleton, bone is
continuously renewed via coupled and balanced bone remodeling and fulfills critical
structural, mechanical, as well as metabolic functions. Structurally, bones provide a
frame to support body; while mechanically, bones serve as attachment sites for muscles
to transmit forces that generated via muscle contractions, playing a critical role in body
locomotion. Moreover, bones also protect the internal organs from injury, such as the ribs
protecting heart and lungs, spine protecting spinal cord, and skull protecting brain.
In addition to these structural and mechanical functions, the skeleton also
performs several critical functions on the metabolic level [22]. Firstly, the bones form a
critical reservoir for minerals, most notably calcium and phosphorus, which can be
3

assessed to maintain the body homeostasis. Moreover, as the structure to support bone
marrow and blood vessels, bones also act as a reservoir for fat storage and blood cell
production. Taken together, the diverse functioning of skeleton plays an important role in
an organism's survival.
B.2 Bone cell & bone marrow cell activities
Bone is a dynamic organ that is constantly renewed via coupled bone remodeling,
where the bone formation and bone resorption are regulated by both systemic and local
signals. The bone marrow compartment, consisting of heterogeneous components
including mesenchymal and hematopoietic progenitor lineage cells, marrow stroma, and
blood vessels, provides a local microenvironment that is critical for skeletal remodeling,
and the active hematopoiesis and osteogenesis play an important role in mediating the
development of bone and bone marrow compartments [23].
B.2.1 Bone marrow mesenchymal stem cells (BMMSCs)
BMMSCs are heterogenous, nonhematopoietic, self-renewable stromal cells with
multipotency. This cell population is relatively difficult to define due to its heterogeneity
and the lack of consequent characteristics. Multipotentiality is one of the key features of
BMMSCs, where the clones could differentiate into osteogenic lineage, adipocytes,
chondrocytes, as well as endothelial cells and vascular smooth muscle cells under proper
conditions [24]. As the most important progenitor cells of osteoblasts and adipocytes in
bone marrow, BMMSCs have the capability to manage their cell-fate determination and
differentiation commitment, where the direction-specific transcription factors may play
an important role in regulating the corresponding differentiation direction of BMMSCs
4

[25]. Numerous in vivo animal studies as well as a few clinical trials in humans have
stated that BMMSCs is capable of bone regeneration [24].
To date, the characterization of BMMSCs and their descendants at various
differentiation precursor stages can be difficult due to their heterogeneity, where specific
markers can only label a subpopulation of marrow progenitor cells. Several commonlyused promotors that can drive Cre or CreER system to label a portion of mesenchymal
lineage cells include leptin receptor [26], Cxcl12 [27], and Col2 [28].
B.2.2 Osteoblasts
Osteoblasts are derived from osteoprogenitor cells and participate in the synthesis
of bone matrix and formation of bone mineral, playing a key role in mediating the
balance of bone remodeling. Specifically, the type I collagen, constituting approximately
90% of bone organic matrix, was formed through the regulation of osteoblasts [29].
Moreover, osteoblasts also promote the mineralization of bone matrix through matrix
vesicles. The matrix vesicles, such as alkaline phosphatase (AP) and adenosine
triphosphatase (ATPase), activate and accelerate the formation and accumulation of
minerals [30]. Additional mineralization mechanism by binding and orientating proteins
(e.g. osteonectin) is also reported to contribute to the mineral nucleation [29].
Osteoblasts have diverse morphologies [29]. In the active form, the cubic
osteoblasts are located as a monolayer on the bone surface with active bone formation. In
contrast, when the bone surfaces are quiescent (neither in formation nor resorption stage),
the post-proliferative osteoblasts would become flattened and elongated in shape and
lined by a layer, forming bone lining cells. Previous literature also suggests that the lining
5

cells can be reactivated to form osteoblasts under proper conditions, such as intermittent
parathyroid hormone (PTH) stimuli [31].
B.2.3 Osteocytes
Osteocytes are derived from osteoblasts and embedded within the bone matrix. As
the long-lived cells in bone, osteocytes form an extensive network through their
numerous cell processes housed in the lacunar-canalicular system (LCS), an
interconnected set of pores and channels embedded in the mineralized bone matrix. This
LCS network allows nutrient supply, waste removal, and transport of signaling molecules
[32, 33]. Moreover, as the assumed bone mechano-senser, osteocytes are believed to be
the major bone cells to perceive and interpret the mechanical signals in bone. Briefly, the
loading-induced interstitial fluid flow inside the LCS transmits macroscopic mechanical
stimuli to osteocytes through shear stress on the cell process, fluid drag on the tethering
elements that connect the cell processes with canalicular wall, and bending moment at
primary cilia, triggering the release of various osteocytic signaling molecules that
regulate mineral homeostasis [34].
Recent studies in rodents have suggested that osteocyte could directly modulate
their surrounding tissue through osteocyte peri-lacunar/canalicular remodeling (PLR) in
various conditions, most notably during lactation [17-19, 35-38]. This PLR may alter the
LCS porosity and the pericellular matrix (PCM) around osteocytes, and thus affecting
flow-mediated mechanosensing and diffusion/convection of nutrients and signaling
molecules for osteocytes [39, 40]. In addition, this osteocyte-based PLR has the potential
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to directly affect bone tissue-level material properties [19], and has been hypothesized to
be a critical factor in maintaining calcium homeostasis [32].
B.2.4 Bone marrow adipocytes (BMAs)
Based on the location, origin, characterization, and function, adipose tissues are
typically classified into white adipose tissue (WAT), brown adipose tissue (BAT), and
marrow adipose tissue (MAT) [41]. WAT takes the highest proportion and widely
dispersed subcutaneously and viscerally, while BAT is much less and mainly located in
cervical, axillary, and interscapular [42, 43]. In contrast, MAT is a unique fat depot found
in the medullary compartment of bones, which is comprised of two distinct populations:
regulated bone marrow adipocytes (rBMAs) located within red marrow at the proximal
tibia, femur, and lumbar vertebrae, and constitutive bone marrow adipocytes (cBMAs)
located with yellow marrow at distal tibia and caudal vertebrae [41, 44, 45]. MAT is
distinct from other adipose tissue regarding its heterogeneous origin, site-specific
distribution, and complex function.
It has been suggested that marrow stroma, bone cells, and regulatory signals could
interact with each other and contribute cooperatively to regulating the bone marrow
homeostasis. Bone marrow and its skeletal components utilize a tremendous amount of
energy to maintain hematopoietic homeostasis, regulate bone remodeling process, and
participate in whole-body metabolism [46, 47], leading to substantial energy demands.
Previous literature reported that the skeleton has the ability to use up to 10% of overall
cardiac output, and as a result, the required energy demand could be satisfied through
circulating substrates [47, 48]. As an important but perplexing component, MAT also
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plays a critical role in controlling energy metabolism for bone marrow homeostasis,
where lipids within the marrow niche can be utilized to provide additional fuel during
bone remodeling, cell differentiation, or states of active metabolic stress [47]. Although
the function of lipid-laden BMAs has remained largely underappreciated, the variable
size of lipid droplets in the bone marrow indicates the dynamics of the BMA lipid
function [47]. Moreover, apart from BMAs, the lipid droplets were also observed in
osteoprogenitor lineage cells under specific conditions, including steroid treatment [49],
ethanol excess [50], and aging [51]. These investigations provide indirect evidence that
the lipid-laden BMA may act as a reservoir for fatty acid storage in states of excess fuel,
and have the potential to expand or contract in response to metabolic, nutritional,
hormonal, and environmental cues [47]. Through lipolysis, the lipids can be broken down
and the generated free fatty acids can be utilized by the cell or its neighbor cells to
produce energy when cellular energy is in demand [47].
In addition to serve as local energy supply, BMAs could also act as a source of
adipokines that mediate skeletal remodeling [47, 52]. One such example is adiponectin,
which could link the whole-body homeostasis to marrow adiposity [53]. Another critical
cytokine released from BMAs that plays an important role in regulating skeletal
remodeling is RANKL, which could drive the osteoclastogenesis and ultimately affect
bone resorption [54-56]. Notably, previous literature suggests a higher expression of
RANKL in the BMAs than the in the WAT, indicating the differential function and
unique origin of BMAs [47, 54]. Leptin is considered as another important factor in
regulating bone metabolism via different signaling pathways [52]. Further investigations
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in functions of BMAs are warranted to better understand the interaction among BMAs,
local bone marrow microenvironment, as well as systematic metabolism.
B.3 Bone mechanical functional adaptation
B.3.1 Bone functional adaptation to mechanical stimuli
Bone functional adaptation refers to the ability of the skeleton to sense and adapt
to its mechanical environment. This relationship between mechanical strain and skeletal
structure was firstly proposed and described in late 1800s by von Meyer, Culmann, and
Wolff, which could be summarized by Wolff’s “Trajectorial Theory” that trabecular
alignment is regulated by internal stress patterns [57, 58], establishing a longstanding
scientific interest in the mechanobiology of trabecular bone adaptation. It has also been
hypothesized by Roux that the functional adaptation of bone is based on a dynamic
regulation rather than a static stimulation [58]. These theories have been subsequently
extended to establish the relationships between mechanical loading and the functional
adaptation of cortical bone structure and collagen fiber orientation [58].
From 1960s, investigations through both human exercise studies and animal
studies with controlled external loading or functional disuse demonstrated the functional
adaptation of skeleton in response to mechanical loading, leading to the conceptual model
of mechanostat by Frost [59]. This model states that the skeleton actively responds to
external loading, where the physiological feedback system could adjust bone mass and
structure based on the engendered loads. As shown in Figure 1-1 [58], at steady state of
adapted window (AW) with regular mechanical stimuli, the bone formation and
resorption are well balanced, with minimal alterations in bone mass. When the bone
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perceives increased mild mechanical stimuli to enter the mild overload window (MOW),
remodeling with net bone formation occurs, leading to lamellar bone formation drifts.
However, when the magnitude of mechanical stimuli continues to increase, bone would
enter the pathologic overload window (POW), where woven bone formation started to be
triggered. Conversely, decreased mechanical stimuli in the disuse widow (DW), such as
skeletal disuse or unloading, would accelerate the bone remodeling, resulting in elevated
bone resorption. These hypotheses build the foundation to further understand the skeletal
mechanobiology and explore the molecular and cellular mechanisms behind the bone
functional adaptation, providing essential clinical insights into regulating bone mass and
structure based on different exercise regimens.

Figure 1-1. Illustration of the mechanostat hypothesis. Reproduced from Main et al.,
2020 [58]
B.3.2 In vivo animal models of bone adaptation
Although clinical studies have suggested that exercise generally leads to anabolic
bone formation, the extent of exercise-induced bone alterations are highly variable;
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therefore, pre-clinical animal models are warranted to further elucidate the effects of
external loading on skeletal health.
Multiple animal models were developed to better understand the anabolic effects
of loading, where the highly consistent loading magnitude that applied to the animals
leads to precisely controlled micro strains and repeatable mechanical stimuli [58].
Moreover, the local mechanical stimuli by animal models could isolate the effects of
external loading on specific skeletal region, without inducing whole-body systematic
alterations [58]. Although the skeletons of large animal models, such as sheep, rabbits,
dogs, and pigs, may better represent human skeletal physiology, rodent models have been
predominantly utilized to investigate the loading associated bone changes due to their
short life span, capability of genetic manipulation, and low cost [58]. The comparisons of
different rodent loading models have been well illustrated in detail by Main et al. [58],
which is summarized as following. Some rodent models are feasible to exclusively assess
the loading-induced bone adaptation on cortical bone compartment. As an example, a 4point-bending tibial model has been used to analyze loading-induced endosteal response
in the cortical bone, where two load points are applied on both lateral and medial bone
surfaces to elicit bending moment at the tibial midshaft [60, 61]. Another cortical bone
loading model is the mouse tibial cantilever model, which secures the knee against the
medial-lateral movement to induce tibial shaft bending [62]. The ulnar loading model is
more commonly used to assess loading-induced cortical bone adaptation in rodents,
where the compressive loads are applied along the ulna’s long axis through the joints,
where the bending moment can be elicited along the bone shaft without direct force
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contact [63, 64]. Although trabecular bone exists at the distal ulna, the trabecular bone
volume fraction is too low to be examined, and as a result, no previous investigations on
loading-induced effect on trabecular bone have been reported by using this model [58].
A few animal models are also feasible to investigate the trabecular bone
adaptation of applied load; however, surgical interventions are required to isolate
trabecular bone examine the effects of external loading, and one such example is the
rodent tail vertebral model [65, 66]. By using this model, the applied loads are induced
through pins, which could trigger a healing response and further induce systematic
alteration, limiting the interpretation of the loading effects and subsequent clinical
relevance [58]. Moreover, this model could also lead to a non-physiological loading
mode to generate supraphysiological strain, resulting in pin deformation and
displacement [67].
To assess the adaptive responses in both cortical and trabecular bone
compartment to external loading, a non-invasive long bone compressive loading model
has been developed and applied in multiple rodent investigations [68-70]. The uniaxial
compressive loads are applied along the long axis of tibia through the knee and ankle
joints, where no direct loads are directly applied to the tibial shaft. By taking the
advantage of the tibial morphological curvature, this loading model induces highly
repeatable strains on the tibial shaft surface, allowing to examine the effects of external
loading on cortical bone compartments [58]. Moreover, this compressive tibial loading
model also enables the investigation of mechanical variables in the trabecular bone
compartment at proximal tibia, providing critical clinical insights in osteoporosis
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management as the skeletal sites with trabeculae are more prone to experience fractures
[58, 71, 72]. Therefore, a rat dynamic tibial compressive loading model will be applied in
the current study to examine the functional adaptations of both cortical and trabecular
bone compartments to external mechanical loading [58].
B.4 Effects of reproduction and lactation on maternal skeleton
B.4.1 Skeletal alterations during pregnancy, lactation, and post-weaning recovery
The female skeleton undergoes dramatic structural, mechanical, and metabolic
changes in response to pregnancy, lactation, and post-weaning recovery. During
pregnancy, female physiology is required for subsequent adaptation to satisfy the
increasing nutritional demands of the fetus. Previous investigations have demonstrated
that the fetal mineral content is obtained at a variable rate during pregnancy, where
approximately 80% of the minerals in a human fetus is accreted during the third
trimester, which corresponds to a peak of 300-350 mg/day calcium transferring rate [5].
Although it has been suggested that the efficiency of intestinal calcium absorption
significantly increased to meet the fetal requirement for calcium during pregnancy,
clinical data from pregnant women still implied a modest decrease in bone density and
stiffness index [5, 73, 74]. Despite of a proportionately higher calcium demand in
pregnant rodents than humans due to their shorter gestation period and larger litter size, a
similarly high rate of mineral transfer is also found in rodents during the third trimester of
pregnancy, and as a result, pregnancy rats and mice have been widely utilized to
investigate the maternal adaptations in mineral homeostasis during pregnancy [5].
Previous studies have showed significant pregnancy-associated trabecular bone loss at
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proximal tibia, particularly during the third trimester [75, 76]. However, interestingly,
cortical bone structural parameters significantly increased during pregnancy, and as a
result, no changes were detected in whole-bone strength over pregnancy [39, 75, 77].
During breastfeeding, a total calcium intake of ~200 mg/day is provided to infant,
where ~60-70% of the calcium absorbed by infants is from human milk, and the majority
of calcium is provided by skeletal remodeling [5]. Therefore, lactation induces more
dramatic deteriorations in bone mass, bone microstructure, and bone mechanical
properties when compared to pregnancy. Multiple clinical studies have documented
dramatic reduction in aBMD in women during breastfeeding by dual-energy X-ray
absorptiometry (DXA) [5]. More recent studies using high resolution peripheral
quantitative computed tomography (HR-pQCT) confirmed the significant reductions in
both cortical and trabecular bone compartments [78-80]. Consistent with clinical
findings, rodent studies found 30%-70% reduction in bone volume fraction (BV/TV) and
dramatic deterioration in bone microstructure during lactation than virgins at skeletal
sites with abundant trabecular bone, such as the lumbar spine, proximal tibia, and distal
femur, leading to a reduction in the whole-bone stiffness [75, 76, 81]. Interestingly, at the
predominantly cortical tibial and femoral midshafts, although the effects of lactation still
exist, the extent of bone loss are significantly less pronounced [81-83], which may
benefit the maintenance of bone mechanical integrity. Therefore, this lactation-associated
bone structural changes may be modulated depending on the bone’s mechanical function
[39]. Moreover, apart from the elevated and unbalanced skeletal remodeling mediated by
osteoblasts and osteoclasts during lactation, recent studies have reported that this
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lactation-associated alterations in bone material properties may also be regulated by
osteocyte PLR [84]. Taken together, lactation induced dramatic changes in bone mass,
microarchitecture, and osteocyte PLR, leading to alterations in whole-bone mechanics.
Following weaning, multiple clinical and animal studies have reported that the
female skeleton enters an anabolic phase, where osteoblast activities are significantly
elevated [85, 86], while the osteoclasts are tended to be inactivated and undergo
apoptosis [82], leading to substantial recovery of bone mass and bone microstructure [5,
82, 85-87]. However, the extent to which bone structure is recovered post-weaning is
site-dependent [39]. Clinical studies observed that the recovery of aBMD is greater in the
spine than long bones [5, 10, 11, 78], indicating that physiological load bearing may play
an important role in regulating reproduction-induced skeletal alterations [39]. Indeed, our
previous study, which compared the extent of reproduction-induced trabecular bone
changes between the lumbar spine and proximal tibia in rats, found that the lumbar
vertebra, where the trabecular bone plays a critical load-bearing role, underwent reduced
trabecular bone loss during lactation and greater recovery of trabecular microstructure
post-weaning compared to proximal tibia, where the trabecular compartment is
surrounded by a thick cortex that bears the majority of the applied load [76]. Similar
results of the lactation-associated trabecular bone loss and post-weaning recovery at the
vertebra and tibia/femur have also been demonstrated in mice [39, 81, 88]. Furthermore,
several rodent studies found that although the cortical structure of femoral midshaft still
remained deteriorated post-weaning when compared to virgins [81, 82, 88-90], no deficits
was found in femoral stiffness between post-weaning and virgin bone [77, 88],
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suggesting that the tissue intrinsic mechanical properties may be enhanced post-weaning
[39]. Therefore, taken together, the mechanical integrity at the critical load-bearing
skeletal sites, such as vertebral trabecular bone and tibial/femoral midshaft, could be
better maintained during reproduction.
It has been showed that numerous hormones alter in their circulating
concentrations during the cycle of reproduction and lactation, but the precise hormonal
regulation mechanisms still remain to be further explored. During pregnancy, dramatic
elevations in serum estradiol and prolactin were reported, while gradual elevation in levels of
parathyroid hormone-related protein (PTHrP) was detected in both clinical and pre-clinical
studies [5]. During lactation, multiple clinical and pre-clinical studies suggest that the

reduced estradiol and elevated PTHrP levels is likely to be the major factors in mediating
this lactation-associated bone loss [5]. However, a previous rodent study utilized a
treatment with simultaneous low levels of serum estradiol and high levels of PTHrP, but
found this combination cannot result in a comparable extent of bone loss with the one
induced by lactation [91], suggesting that the lactation-induced bone loss is also likely to
be regulated through other means. Following weaning, hormone levels, including PTHrP
and estradiol, return to the normal stage [5]. Taken together, the hormonal regulation
throughout the whole reproductive cycle plays a critical role in maintaining mineral
homeostasis, but underlying mechanisms are warranted to be further investigated.
B.4.2 Long-term effects of reproduction history on maternal skeleton post-menopause
Similar to the bone changes during lactation period, skeleton also has the potential
to undergo dramatic alterations in response to post-menopausal metabolic stress.
Postmenopausal osteoporosis, a metabolic skeletal disorder of low bone mass and
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compromised bone strength, is becoming increasingly prevalent and affects
approximately 30% of women over the age of 50 in the United States [92, 93]. The
accelerated bone resorption induced by the low estrogen levels post-menopause leads to
bone microstructural deterioration, resulting in bone fragility and increased risk of
fracture. In addition to this accelerated bone loss rate during menopause, previous
literature has suggested that the bone mass and microstructure attained prior to
menopause that is influenced by many factors, including race, nutrition, physical activity,
and lifestyle behavior, also plays a critical role in subsequent osteoporosis risk [94].
Despite the substantial recovery of skeletal microstructure post-weaning, the
history of reproduction and lactation induces long-term effects on maternal bone health.
Although some clinical studies imply that the BMD recovers within one year following
weaning [5], recent clinical studies that accessed the trabecular microarchitecture at distal
tibia and distal radius by high resolution peripheral quantitative computed tomography
(HR-pQCT) suggest long-lasting reproduction-related impairments in trabecular bone
post-partum [78, 80]. Moreover, studies in rodents further demonstrate the permanent
alterations in trabecular bone microstructure after weaning at several skeletal sites [81,
83, 85, 95]. In contrast, multiple epidemiological studies have shown that the history of
pregnancy and/or lactation induces no adverse, or even a protective effect on
postmenopausal risk of osteoporosis/fracture [5], and thereby forming a paradox.
To better understand these conflicting and interesting findings, our previous
studies investigated the effects of reproduction and lactation on skeletal structural
responses to OVX-induced estrogen deficiency at different skeletal sites in rats, and
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found that rats with three repeated cycles of pregnancy and lactation had attenuated
OVX-induced trabecular bone loss at proximal tibia when compared to age-matched
virgins [16]. Intriguingly, the post-OVX bone loss in rats with a reproduction history was
further attenuated in trabecular bone of the lumbar vertebra, a skeletal region with higher
load bearing [16]. Moreover, recent rodent studies reported that the estrogen deficiency
induces minimal deteriorations in cortical compartments of long bones (another critical
load-bearing site) [96, 97], regardless of reproduction history [16], which further
indicates the importance of physiological load-bearing in regulating skeletal alterations
when subjected to estrogen deficiency. Taken together, these findings suggest that the
maternal skeleton would undergo site-dependent structural adaptation to maintain bone
mechanical integrity in response to estrogen deficiency, and a history of reproduction and
lactation may further enhance the responses to physiological load-bearing postmenopause.
C. Significance of Studies
C.1 Immediate and long-term effects of physical exercise on maternal bone
By utilizing a rat tibial compressive loading model, this thesis investigated the
skeletal alterations in response to external dynamic loading during a reproductive cycle,
elucidating the immediate effects of reproduction and lactation on the skeletal mechanoresponsiveness. Findings from this study builds the foundation for understanding the
relationship between maternal skeletal health during pregnancy/lactation periods and
physical exercises, which may provide critical insights on potential exercise guidelines
during pregnancy and lactation.
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In addition to the immediate effects of reproduction and lactation on skeletal
mechano-responsiveness, this thesis also investigated the long-term effects of lactation
history on maternal bone health under different estrogen status when subjected to external
loading. Findings from this study could partially explain the paradox that lactation history
does not adversely affect postmenopausal bone fracture risk despite of the long-lasting
alterations of maternal skeleton. Moreover, this thesis filled the critical knowledge gap on
bone changes between childbearing and post-menopause, which could lead to a
significant improvement in personalized clinical care for postmenopausal osteoporosis
women by considering their reproduction and lactation history.
C.2 Effects of reproduction and lactation on osteocytes
This thesis illustrated both immediate and long-term effects of reproduction and
lactation on osteocyte PLR activities, where the corresponding results could provide
additional knowledge in bone mechano-biology. As the most abundant mechanosensitive
cells, osteocytes are critical in maintaining bone tissue quality and mechanical integrity.
Osteocytes and their cell processes form an extensive network with a large surface area
for calcium release and are capable of detecting loading signals as well as controlling
osteoblast/osteoclast-based modeling/remodeling [17, 32, 33, 98]. Our investigation
discovered the novel functions of the osteocyte in modulating its micro-mechanical
environment and mechano-sensitivity to protect the maternal skeleton from future
postmenopausal bone loss.

19

C.3 Effects of reproduction and lactation on bone marrow adipocytes
This thesis also explored both immediate and long-term effects of reproduction
and lactation on bone marrow mesenchymal progenitors and lipid-laden bone marrow
adipocytes, yielding a deeper understanding of the bone marrow adipocyte functions.
MAT was initially overlooked and long considered as a passive filler of bone space
reserved for bone marrow. Recent studies suggest that MAT may play a role in
modulating both energy metabolism and bone remodeling [20, 21]. Our investigation
elucidated the alterations in bone marrow adipocytes when subjected to dramatic
metabolic stresses, such as lactation, which highlights the potential impact of MAT on
maternal health and disease, such as postmenopausal osteoporosis.
D. Specific Aims
The overall aim of this thesis was to investigate the reproduction- and lactationinduced functional adaptations on osteocyte-related bone mechano-sensitivity and bone
marrow adipocytes. We hypothesized that both osteocyte and bone marrow adipocyte
activities are influenced by different reproductive status, lactation history, and estrogen
deficiency. In particular, the immediate and long-term effects of lactation on (Aim1) bone
mechano-sensitivity and osteocytes, and (Aim 2) bone marrow adipocytes are shown as
below (Figure 1-2):
Aim 1: To determine effects of lactation on bone mechano-sensitivity and osteocyte
microenvironment.
Hypothesis 1a: Osteocytes can actively remodel their peri-lacunar/canalicular bone
matrix during reproduction, which may be associated with altered mechano20

responsiveness in rats with different reproductive status.
Aim 1a: We will determine the immediate effects of lactation and weaning on bone’s
mechano-responsiveness using an in vivo tibial loading model and investigate the PLR
activities, lacunar/canalicular structure, and peri-lacunar mineral distribution and tissue
modulus in rats at different stages in a single reproductive cycle.
Hypothesis 1b: PLR induced by lactation history may prime the osteocyte
microenvironment, leading to enhanced mechano-sensitivity to exert protective effects
against estrogen deficiency.
Aim 1b: We will determine the long-term effects of reproduction and lactation history on
bone’s mechano-responsiveness using in vivo tibial loading model and establish the role
of lactation history on modulating PLR activities and lacunar/canalicular structure in
virgin and reproductive rats under different estrogen conditions.
Aim 2: To investigate reproduction- and lactation-induced alterations in bone marrow
adipocytes.
Hypothesis 2a: Skeletal remodeling and high metabolic demands during lactation may
cause alterations in bone marrow adipocytes and mesenchymal progenitors, but these
transient changes might be reverted following post-weaning recovery to enable formation
into mature adipocytes.
Aim 2a: We will evaluate the alterations of bone marrow adipocytes by histology at
different stages throughout one reproductive cycle in rats and uncover the underlying
cellular mechanisms governing these changes by labeling bone marrow mature
adipocytes using the inducible AdipoqCreER:TdTomato mouse model.
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Hypothesis 2b: Lactation history alters the adipogenic capacity of mesenchymal
progenitors and the accumulation of bone marrow adipocytes in response to estrogen
deficiency.
Aim 2b: We will elucidate the interactive effects induced by lactation history and
estrogen status on the proliferation and differentiation capacity of mesenchymal
progenitors by in vitro cell studies, cellular alterations in bone marrow adipocytes by
histology, circulating indicators of metabolism by serum analysis, and whole-body
composition in a rat model.

Figure 1-2. This thesis investigated the immediate (Aim 1a & 2a) and long-term (Aim 1b
& 2b) effects of reproduction and lactation on maternal skeletal mechano-sensitivity,
osteocytes, and bone marrow adipocytes.
E. Study Design
A total of 240 Sprague-Dawley rats and 35 inducible Adipoq-CreER-tdTomato
(AdipoqER/Td) mice with a mixed background of B6 and CD1 were approved by
Institutional Animal Care and Use Committee (IACUC) and used in this study. Both rats
and mice are commonly used animal models to investigate skeletal physiology and
pathophysiology (77,78). Although the growth plates do not completely fuse and
disappear in rodents, the longitudinal growth significantly slows down in adult rats (over
~4 month) and mice (over ~2 months) (46), and thus all studies were conducted in adult
animals in this thesis. For all reproductive rodents, the litter size was adjusted to 7-9 pups
per mother by fostering or removing pups to/from the litter within 24 hours of birth to
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ensure consistent suckling intensity. Moreover, a high calcium diet (0.95%, with Ca:P
ratio 2:1) were given to all rats and mice. Previous literatures [15, 99] suggested that a
further increase in dietary calcium content does not contribute to preventing bone loss
during reproduction and lactation.
In this thesis, Aim 1 focused on investigating the effects of lactation on bone
mechano-sensitivity and osteocyte microenvironment. Both loaded and non-loaded tibiae
were scanned by in vivo μCT before and after loading, and the changes in the proximal
tibial trabecular bone and tibial midshaft cortical bone were tracked and compared.
Dynamic histomorphometry was conducted at the tibial midshafts. Osteocyte PLR
activities as well as the 2D LCS structure at the non-loaded tibia was assessed by
immunohistochemistry and silver nitrate staining/backscattered SEM, respectively. Aim
2 focused on investigating the reproduction- and lactation-induced alterations in bone
marrow mesenchymal progenitors and bone marrow adipocytes. BMMSCs were isolated
from rat humeri, and were culture in vitro for CFU-F, proliferation, and differentiation
assays. Moreover, regulated bone marrow adipocytes were evaluated in both rat and
AdipoqER/Td mice by static histomorphometry and immunofluorescence staining.
Power analyses were performed a priori to estimate the required sample size.
Based on our preliminary results, we anticipate that reproductive groups will differ from
each other in mechano-responsiveness and cell activities by at least 30%. Anticipating a
standard deviation of approximately 20%, a sample size of 6-8 animals per group is
required to yield a type I error rate of 5% and statistical power of 80%. Prior to statistical
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analysis, all data were tested to determine whether the assumptions for parametric
statistics are met.
F. Chapter Overview
Chapter two will describe studies investigating the relationship between peak
bone mass/microstructure and the rate of bone loss induced by estrogen deficiency in a
large cohort of virgin female rats of homogeneous background by utilizing in vivo μCTbased imaging. Chapter three will describe studies investigating the maternal mechanoresponsiveness to tibial external loading during pregnancy, lactation, and post-weaning
recovery, as well as the lactation-associated osteocyte PLR alterations in a rat model.
Chapter four will describe the long-term effects of reproduction and lactation history on
bone mechano-responsiveness, osteocyte PLR activities, and LCS structure under
different estrogen conditions. Chapter five will describe studies evaluating both
immediate and long effects of reproduction and lactation on bone marrow mesenchymal
progenitors in a rat model by in vitro cell culture. Chapter six will describe studies
exploring the alterations of bone marrow adipocytes during pregnancy, lactation, and
post-weaning recovery, uncovering the underlying cellular mechanisms governing these
changes by labeling bone marrow adipocytes using the inducible AdipoqER/Td mouse
model. Finally, chapter seven will summarize the overall conclusions of this thesis and
will introduce possible future areas of research related to this topic.
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CHAPTER 2: PEAK TRABECULAR BONE MICROSTRUCTURE PREDICTS RATE
OF ESTROGEN-DEFICIENCY-INDUCED BONE LOSS IN RATS
A. Introduction
As stated in Chapter 1, postmenopausal osteoporosis is a common metabolic bone
disorder that affects approximately 30% of women over the age of 50 in the United States
and poses a significant financial burden on healthcare [1-4]. The rapid decline in estrogen
levels during menopause leads to accelerated bone resorption that outpaces bone
formation, resulting in skeletal structural deterioration, which subsequently causes bone
fragility and elevated fracture risk in postmenopausal women [5, 6].
Fractures induced by postmenopausal osteoporosis most commonly occur in the
spine (vertebral body), hip (femoral neck and intertrochanter), and wrist (distal radius),
where trabecular bone predominates [7, 8]. Trabecular bone has greater surface to volume
ratio and considerably greater bone remodeling activities when compared to cortical
bone, and thus is more susceptible to loss of bone mass caused by high turnover [9-11].
The current gold standard for diagnosing osteoporosis is through assessment of areal
bone mineral density (aBMD) using dual-energy X-ray absorptiometry (DXA) [12-14].
However, aBMD has significant limitations due to its two-dimensional (2D) nature and
its inability to assess bone microstructure. As a result, over 50% of fractures occur in
women who are not classified as osteoporotic based on aBMD [15, 16]. Factors other
than aBMD, including three-dimensional (3D) bone density, measured as volumetric
bone mineral density (vBMD) and trabecular bone volume fraction (BV/TV), and bone
microstructure, such as the orientation, connectivity, and topological types of trabeculae
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(plate vs. rod) play important roles in maintaining the mechanical integrity of bone [11,
17-25]. A significant body of work has demonstrated that knowledge of the detailed
trabecular microstructure significantly improves fracture risk assessment [19-21].
Despite its substantial burden, osteoporosis is a silently progressing disease, and
as a result, is usually not observed until bones have irreversibly weakened and fractures
have occurred [26]. Therefore, an earlier prediction of osteoporosis risk could contribute
to the prevention and management of postmenopausal osteoporosis, and thereby
effectively reduce fracture risk. One such factor which can provide an early prediction of
postmenopausal osteoporosis risk is the peak bone mass that is attained in young
adulthood. A greater bone mass earlier in life provides a buffer so that even in the
presence of postmenopausal bone loss, enough bone remains to support the mechanical
function of the skeleton [27-31].
In addition to the peak bone mass and microstructure, the rate of bone loss also
plays an important role in predicting osteoporotic fracture risk [32]. A high rate of bone
loss post-menopause would lead to rapid deteriorations in bone structure, where bone
tissue in unable to accommodate such high remodeling, thereby increasing fracture risk.
Indeed, several clinical studies have shown that the annual rate of postmenopausal aBMD
change in women who sustained major osteoporotic fractures is significantly higher than
those who remained fracture-free [33, 34]. Independent of baseline bone mass, the rate of
bone loss may be an additional predictor of fracture risk in postmenopausal women [3437].
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Apart from their direct effects on fracture risk, the peak bone mass and
postmenopausal bone loss rate also have the potential to interact and influence one
another. Thus, peak bone mass and/or bone structure may impact the rate of bone loss
following menopause. However, whether or not this occurs remains unclear. Clinical
investigations have reported highly variable results on the relationship between baseline
BMD and rate of postmenopausal bone loss, ranging from a negative association [38], to
no effect [39, 40], to a positive correlation [41-43] of baseline bone mass with annual
rates of bone loss. Several rodent studies compared the skeletal response to estrogen
deficiency induced by ovariectomy (OVX) surgery, which simulated the bone changes
observed in women after menopause, among different inbred mouse strains and found
that mice with higher initial bone mass (measured as BV/TV) underwent higher rates of
bone loss, indicating that higher baseline BV/TV does not necessarily offer protection
against estrogen deficiency-induced bone loss [44-46]. However, findings of these studies
were based on a pool of mice of heterogeneous genetic background. Genetic differences
among the mouse strains may act as a confounding factor which influences the peak bone
mass as well as the rate of estrogen-deficiency-induced bone loss. Moreover, how peak
trabecular bone microstructure, independent of bone mass, affects the rate of estrogen
deficiency-induced bone loss remains unclear.
Recent advancements in in vivo micro computed tomography (µCT) have enabled
OVX-induced changes in 3D bone density and bone microstructure to be longitudinally
tracked in rats and mice [45-53]. In a previous study, we tracked skeletal changes
following OVX in virgin rats and rats that had previously undergone three cycles of
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reproduction [50]. Although the rats with a history of reproduction had drastically less
trabecular bone mass prior to OVX, the rate of bone loss in response to OVX was
significantly attenuated when compared to age-matched virgin rats. By pooling the data
of all rats together, a phenotype of fewer but thicker trabeculae was identified to be
protective against OVX-induced bone loss. However, the reproductive history may
impact OVX bone loss through other biological pathways, and as a result, the
independent effect of peak trabecular bone phenotype on post-OVX bone loss remains
unclear. Therefore, the objective of the current study was to investigate the relationship
between peak bone mass/microstructure and the rate of bone loss induced by estrogen
deficiency in a large cohort of virgin female rats of homogeneous background. In contrast
to previous studies in mice and our prior work in post-reproductive rats, where
differences in post-OVX bone loss rates may be driven by outside factors (such as murine
strain differences and reproductive history), this study was designed to test whether
natural variations in bone microstructure (without external influences) are correlated with
post-OVX bone loss rates. This was achieved by tracking skeletal changes using in vivo
µCT and 3D image registrations. Moreover, our lab has developed a novel image analysis
technique, individual trabecular dynamics (ITD) analysis [54], to track the changes of
each individual trabecula over time. By applying the ITD analysis, we further elucidated
how the thickness of each individual trabecula influences its susceptibility to structural
deterioration and bone loss in response to estrogen deficiency. Based on our previous
findings, we hypothesized that peak trabecular bone microstructure could play a role in
predicting the rate of OVX-induced bone loss.
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B. Methods
B.1 Animal protocol
All animal experiments were approved by the University of Pennsylvania's
Institutional Animal Care and Use Committee. A total of 63 female Sprague Dawley rats,
purchased from Charles River, underwent bilateral ovariectomy (OVX) surgery at the age
of 16-17 weeks followed by osteopenia development for 4 weeks. In vivo µCT imaging
was performed for all rats prior to OVX and 4 weeks post-OVX. After the µCT imaging,
all rats were re-assigned to other studies and sacrificed at 16-22 weeks post-OVX (age of
32-39 weeks old). The uterus was collected and weighed immediately post-sacrifice to
confirm the success of OVX surgery. Throughout the study, all rats were housed in
standard conditions with three rats per cage but were separated to one rat per cage for one
week following OVX surgery, followed normal cage activities.
B.2 In vivo µCT scans, image registration, and trabecular bone microstructural
analysis
The right proximal tibiae of all rats were imaged using in vivo µCT (Scanco
vivaCT40, Scanco Medical AG, Brüttisellen, Switzerland) immediately prior to OVX
(week 0) and at 4 weeks post-OVX (week 4), following the protocol described in [55].
Briefly, after µCT calibration, rats were anesthetized (4/2% isoflurane), and the right tibia
was fixed in a customized holder to minimize motion. A 4.2 mm thick segment of the
proximal tibia, located 0.3 mm below the proximal growth plate, was scanned at 10.5 µm
voxel size, with 200 ms integration time, 145 µA current, and 55 kVp energy, resulting in
an average scan time of 20 minutes and radiation dose of 0.639 Gy. The in vivo µCT
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image of one rat was excluded in this study due to motion artifacts, resulting in a final
sample size of n=62.
Three-dimensional (3D) image registration was performed to longitudinally track
changes in trabecular microstructure within a constant trabecular volume of interest
(VOI) in the sequential in vivo µCT scans of the proximal tibia. Pairs of in vivo µCT
images for each rat at 0 and 4 weeks post-OVX were aligned by using a mutualinformation-based, landmark-initialized, open-source registration toolkit (National
Library of Medicine Insight Segmentation and Registration Toolkit) [55, 56]. A 1.5-mm
thick, trabecular VOI, located 2 mm distal to the growth plate, was manually segmented
in the week 4 scan and traced back to the earlier scan at week 0 based on the
transformation matrix that resulted from the registration. Thus, a consistent trabecular
VOI of each rat was identified and monitored post-OVX (Figure 2-1 A). Details of the
image registration process can be found in our previously published study [55].
Standard parameters of trabecular bone microstructure [57] were measured within
each trabecular VOI. Briefly, the µCT images of trabecular bone were Gaussian filtered
(sigma=1.2, support=2) and thresholded by a global threshold (corresponding to 544
mgHA/cm3), identified based on an adaptive threshold function provided by the µCT
scanner manufacturer. Trabecular microstructural parameters, such as bone volume
fraction (BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th), trabecular
separation (Tb.Sp), structure model index (SMI), and connectivity density (Conn.D),
were quantified. Percent changes between week 0 and week 4 were calculated for all
trabecular parameters in each rat.
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B.3 Micro-finite element analysis
Whole-bone stiffness was computed for a 1.5 mm-thick region of the proximal
tibia, located 2 mm distal to the growth plate, by using a linear micro-finite element
analysis (µFEA) [50]. Briefly, the µCT images containing both cortical and trabecular
bone compartments were downsampled to a voxel size of 15.75 µm, then each bone
voxel was converted to an eight-node brick element, with bone modeled as a linear elastic
material with Young's modulus of 15 GPa and Poisson's ratio of 0.3 [58]. An axial
compression was simulated by applying a displacement of 0.01 mm (0.67% strain), and
the resulting total reaction force was computed [59]. In addition, the fraction of the total
load carried by the trabecular compartment was calculated at the most distal slice. Based
on the trabecular load share fraction, the reaction force exerted by trabecular
compartment at the most distal bone slice of the 1.5 mm-thick tibia region was estimated,
and the corresponding stiffness of trabecular compartment (Tb.Stiffness) was derived by
dividing this reaction force exerted by trabecular compartment by the displacement [60].
B.4 Linear regression analysis
Martinez-Iglewicz normality test was conducted to test whether the data points
could satisfy the assumption underlying the linear regression analysis. Linear regression
analysis was applied to investigate the correlations between the baseline (week 0)
trabecular microstructural parameters and the corresponding percent changes in
trabecular microstructural and mechanical parameters over 4 weeks post-OVX. To
evaluate the influence of trabecular bone surface (BS) and bone surface to bone volume
ratio (BS/BV) on OVX-induced bone changes, BS and BS/BV were also included in the
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baseline parameters for linear regression. To further determine the most important factors
that predict post-OVX bone loss, a stepwise multiple linear regression was performed.
At each step of the stepwise regression method, the predictors with highest statistical
strength entered the model. The stepping ceased when no independent variable reached
the standard (p<0.1) for model entry.
To further determine the independent contribution of baseline trabecular thickness
to bone loss regardless of baseline BV/TV, relative Tb.Th was calculated after adjustment
by baseline BV/TV using linear regression analysis (Figure 2-3 A-D). Subsequently, all
rats were stratified into Low, Medium, and High relative baseline Tb.Th groups, where
baseline BV/TV did not differ among the three groups (Figure 2-3 E). Then, the percent
changes in trabecular bone volume, structural and mechanical parameters in each relative
baseline Tb.Th group were calculated.
B.5 Individual trabecular dynamic analysis
Individual trabecular dynamic (ITD) analysis was performed to longitudinally
track the post-OVX changes in volume and connectivity within each individual trabecula,
as described in [54]. Due to the time-consuming nature of this analysis, twenty-four rats
were randomly selected. For each rat, a 1.5x1.5x1 mm trabecular subvolume located 2
mm distal to the growth plate was identified, precisely aligned, and thresholded from
μCT image pairs made at 0 and 4 weeks post-OVX [55, 61]. The trabecular bone network
was then decomposed into individual trabecular plates and rods by using individual
trabecular segmentation (ITS) analysis [62] (Figure 2-4 A). By comparing the segmented
individual trabecula before and 4 weeks after OVX surgery, the percent change in volume
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after OVX was quantified. Moreover, changes in connectivity of each individual
trabecula over the 4-week period were also examined: connectivity deterioration was
defined as a trabecular plate that became perforated or a trabecular rod that disconnected
[54] (Figure 2-4 A); otherwise, the trabecula was defined as intact. As a result, a total of
11,862 individual trabeculae from the 24 selected rats were analyzed. Additionally, these
trabeculae were pooled together and categorized into ten groups based on their thickness
prior to OVX, and the percent trabecular bone loss at each thickness was calculated.
Moreover, the probability density distributions of baseline trabecular thickness were
compared between deteriorated and intact trabeculae.
B.6 Statistical analysis
All results are reported as mean ± standard deviation. Paired Student’s T-tests
were used to compare trabecular structural parameters as well as whole-bone stiffness
between weeks 0 and 4 post-OVX. One-way ANOVA with Bonferroni post hoc
correction was applied to compare the percent changes in trabecular structural and
mechanical properties post-OVX in different trabecular thickness groups. Z-tests were
used to compare trabecular thickness distributions between deteriorated and intact
trabeculae. For all tests, p-values less than 0.05 were considered statistically significant,
while p-values less than 0.1 were considered to indicate a trend of statistical significance
with specific p-value provided. In the presence of significant differences, the changes of
all parameters, except SMI, are reported as percent difference among different groups.
SMI ranges from -3 to 3, thus, inter-group differences in SMI are reported as the absolute
difference.
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C. Results
C.1 Changes in trabecular microstructure and whole-bone stiffness post-OVX
All rats underwent dramatic trabecular bone loss and structural deterioration postOVX at the proximal tibia (Figure 2-1). At 4 weeks post-OVX, BV/TV, Tb.N, Tb.Th,
and Conn.D decreased 57%, 39%, 10% and 73%, respectively, as compared to the
baseline (week 0). On the other hand, Tb.Sp increased 76% and SMI increased by 1.41
over 4 weeks post-OVX. In addition to the changes in trabecular bone structure,
Tb.Stiffness also decreased 71% over the 4-week post-OVX period (Figure 2-1 H).

Figure 2-1. (A) Representative 3D renderings of the proximal tibia pre- (wk0) and postOVX (wk4); (B-G) Trabecular structural parameters, including (B) BV/TV, (C) Tb.N,
(D) Tb.Th, (E) Tb.Sp, (F) SMI, and (G) Conn.D at 0 and 4 weeks post-OVX. (H) FEAderived Tb.Stiffness at 0 and 4 weeks post-OVX. * indicates significant changes over
time (p<0.05).
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C.2 Correlation between baseline trabecular microstructure and degree of postOVX bone loss
The data points for each parameter were continuous variables with linearity and
passed the Martinez-Iglewicz normality test, indicating that the linear regression analysis
is an appropriate model to apply. Linear regression analysis was conducted to calculate
the correlation coefficients between baseline trabecular parameters and percent changes
in trabecular bone microstructural and mechanical properties (Table 2-1). Surprisingly,
no baseline trabecular parameter was significantly correlated to the % decrease in
BV/TV, although baseline Tb.Th showed a negative trend of correlation with % decrease
in BV/TV (r=-0.21, p=0.097). Moreover, baseline Tb.Th was found to be the best
predictor for the % decrease in Conn.D (r=-0.62, p<0.001) and showed a trend of
correlation with % decrease in Tb.N (r=-0.23, p=0.069), indicating that greater baseline
Tb.Th was associated with reduced loss in BV/TV, Conn.D, and Tb.N. In addition,
baseline Conn.D was significantly correlated to % increase in Tb.Sp (r=-0.26, p<0.05).
Intriguingly, among all baseline structural parameters, only Tb.Th was correlated with %
decrease in Tb.Stiffness, with a correlation coefficient of -0.29 (p<0.05), indicating that
greater baseline Tb.Th was associated with reduced post-OVX stiffness deterioration.
As shown in Table 2-2, stepwise multiple linear regression indicated that the
combination of baseline Tb.Th and Conn.D was correlated with % changes in BV/TV,
Tb.Sp, and Tb.N, and the combination of baseline Tb.Th, Conn.D, and SMI was highly
correlated with % decrease in Conn.D (p<0.01). Moreover, the combination of Tb.Th and
Tb.Sp was correlated with % decrease in Tb.Stiffness (p<0.01). Notably, all baseline
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trabecular structural parameters were significantly correlated with each other, resulting in
multicollinearity when performing multiple linear regression analyses (Table 2-3).
Table 2-1: Correlation coefficients (r) between baseline trabecular parameters and %
decrease in trabecular microstructural and mechanical properties
Baseline Parameters
%
decrease * BV/TV Conn.D SMI
Tb.N
Tb.Th
Tb.Sp
BS
BS/BV
BV/TV
NS
NS
NS
NS
-0.21 (p=0.097)
NS
NS
NS
c
c
c
c
c
c
c
Tb.Th
0.64
0.50
-0.62
0.57
0.62
-0.57
0.43
-0.66 c
Tb.Sp
Tb.N
Conn.D

NS
NS
-0.46 b

-0.26 a
NS
NS

NS
NS
0.49 b

NS
NS
-0.26 a

NS
-0.23 (p=0.069)
-0.62 c

NS
NS
0.26 a

NS
NS
NS

NS
NS
0.57 c

Tb.Stiffness

NS

NS

NS

NS

-0.29 a

NS

NS

NS

*: Baseline parameters were correlated to percent decrease in all parameters for
consistency. For the parameters that increased after OVX surgery (Tb.Sp), the percent
decrease means a negative decrease.
Minus sign indicates negative correlation. a: p<0.05, b: p<0.01, c: p<0.001.
Table 2-2: Correlation coefficients (r) and independent predictors of stepwise multiple
linear regression to predict the degree of bone loss by baseline trabecular bone
parameters
% decrease *

r

Adjusted r

Independent predictors

BV/TV

0.46

0.41

-Tb.Th b, Conn.D b

Tb.Th

0.66

0.66

-BS/BV c

Tb.Sp

0.51

0.48

-Conn.D c, Tb.Th b

Tb.N

0.66

0.64

-Tb.Th b, Conn.D b

Conn.D

0.69

0.67

-Tb.Th b, Conn.D a, SMI a

Tb.Stiffness

0.44

0.41

-Tb.Th c, -Tb.Spb

*: Baseline parameters were correlated to percent decrease in all parameters for
consistency. For the parameters that increased after OVX surgery (Tb.Sp), the percent
decrease means a negative decrease.
Minus sign indicates negative correlation. a: p<0.05, b: p<0.01, c: p<0.001.
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Table 2-3: Correlation coefficients (r) between baseline trabecular structural parameters
Baseline
Parameters
BV/TV
Conn.D
SMI
Tb.N
Tb.Th
Tb.Sp
BS
BS/BV

BV/TV

Conn.D

SMI

Tb.N

Tb.Th

Tb.Sp

BS

BS/BV

1
0.83 c
-0.98 c
0.94 c
0.88 c
-0.93 c
0.53 c
-0.95 c

1
-0.78 c
0.95 c
0.51 c
-0.91 c
0.62 c
-0.66 c

1
-0.90 c
-0.88 c
0.87 c
-0.49 c
0.94 c

1
0.70 c
-0.98 c
0.60 c
-0.81 c

1
-0.69 c
0.36 b
-0.97 c

1
-0.57 c
0.81 c

1
-0.43 c

1

*: Minus sign indicates negative correlation. a: p<0.05, b: p<0.01, c: p<0.001.
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Figure 2-2: Scatter plots of significant and trending linear correlations between baseline
trabecular parameters and % decrease in trabecular microstructural and mechanical
properties.
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C.3 Effects of baseline Tb.Th on OVX-induced bone loss
To further examine the influence of baseline Tb.Th independent of baseline
BV/TV on OVX-induced bone loss, all data were divided into three tertiles based on
relative baseline Tb.Th after adjustment of baseline BV/TV (Figure 2-3 A-D). Linear
regression analysis revealed that the baseline Tb.Th was highly correlated with the
baseline BV/TV (r=0.87, p<0.001; Figure 2-3 D), and the corresponding residuals were
used to stratify rats into Low, Medium, and High relative baseline Tb.Th groups. As a
result of this classification scheme, there was no difference in the baseline BV/TV among
these three relative Tb.Th groups (Figure 2-3 E). However, substantial variations in
baseline Tb.Th were shown among the Low, Medium, and High relative Tb.Th groups
(Figure 2-3 A-C), where rats in the High relative Tb.Th group showed 13% greater
baseline Tb.Th, as compared to the Low relative Tb.Th group (Figure 2-3 F). Comparison
of post-OVX bone loss patterns among the groups indicated that the % decrease in
BV/TV was 15% lower in the High compared to the Low relative Tb.Th group (Figure 23 G), and the % decrease in Conn.D in the High group was 15% and 10% lower than the
Low and Medium groups, respectively (Figure 2-3 H). Similar results were found for %
decrease in Tb.N and % increase in Tb.Sp (Figure 2-3 IJ), but no inter-group differences
were found in % decrease in Tb.Th (Figure 2-3 K). Furthermore, % decrease in
Tb.Stiffness was 13% lower in the High compared to the Low relative Tb.Th group
(Figure 2-3 L). Thus, given the same baseline BV/TV, rats with greater baseline Tb.Th
underwent attenuated loss in the volume, number, connectivity, and stiffness of the
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trabecular bone network and reduced expansion in the spacing between trabeculae, but
did not show differences in the loss in thickness of trabeculae induced by OVX.

Figure 2-3. (A-C) Representative trabecular bone images in Low, Medium, and High
relative Tb.Th groups. Heat maps correspond to local trabecular thickness values. (D)
Rats were stratified into Low, Medium, and High relative Tb.Th by performing linear
regression of baseline Tb.Th and BV/TV. (E) Baseline BV/TV was not different between
Low, Medium, and High relative Tb.Th groups. (F) Comparisons of baseline Tb.Th
among Low, Medium, and High relative Tb.Th groups. (G-L) % changes in trabecular
bone parameters, including (G) BV/TV, (H) Conn.D, (I) Tb.N, (J) Tb.Sp, and (K) Tb.Th,
in Low, Medium, and High relative Tb.Th groups over 4 weeks post-OVX. (L) %
decrease in FEA-derived Tb.Stiffness in Low, Medium, and High relative Tb.Th groups.
* indicates significant differences between groups (p<0.05).
C.4 Effects of baseline Tb.Th on structural deterioration in individual trabeculae
A total of 11,862 individual trabeculae were tracked over the 4 weeks post-OVX.
When trabeculae were categorized to ten groups based on their baseline Tb.Th, intriguing
patterns of post-OVX bone loss became apparent. Comparisons of the percentage of bone
loss among trabeculae with different baseline thicknesses showed significant differences
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between adjacent thickness groups when the baseline thickness was in the range of 0.030.08mm, indicating that, within this range, trabeculae with greater baseline thickness had
a reduced percentage bone loss. Meanwhile, no difference between adjacent bins was
found when the baseline thickness is outside of the range (less than 0.03 mm or greater
than 0.08mm, Figure 2-4 B). Thus, the effect of trabecular thickness on OVX-induced
bone loss appeared to initialize when trabecular thickness was greater than 0.03 mm, and
plateau for thicknesses above 0.08 mm.
Evaluation of structural deterioration of the trabeculae indicated that a total of
3,311 trabeculae underwent rod disconnection or plate perforation, and 8,405 remained
intact after OVX. Gaussian curves fitted to the trabecular thickness distribution of
deteriorated (rod disconnected or plate perforated) and intact trabeculae (Figure 2-4 C)
indicated that the trabeculae whose structure deteriorated after OVX had 16% lower
baseline trabecular thickness than those that remained intact.
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Figure 2-4. (A) Schematics of individual trabecular dynamics analysis. (B) % bone loss
in individual trabeculae stratified by baseline thickness. (C) Probability density
distribution of the baseline thickness of deteriorated and intact trabeculae. (D-E)
Schematics of accelerated bone resorption followed by osteoblast repair in (D) a thick
and (E) a thin trabecula. * indicates significant differences between groups (p<0.05).
D. Discussion
This study investigated the relationship between the peak trabecular bone
mass/microstructure and the rate of estrogen deficiency-induced bone loss in a
homogeneous background of virgin female Sprague Dawley rats. Overall, the results
indicate that the peak bone microstructure attained prior to OVX is highly predictive of
the rate of OVX bone loss. In particular, the baseline Tb.Th was found to have the
highest correlation with the degree of OVX bone loss and is considered the most
important predictor of the rate of estrogen-deficiency-induced bone loss and connectivity
deterioration.
As expected, estrogen deficiency induced substantial trabecular bone loss and
microstructural deterioration over the 4-week post-OVX period in all rats. Although rats
show continuous longitudinal growth throughout their lifespan, the growth rate of long
bone significantly slow down at the age of 3 months [63], and, in accordance to our
previous studies, no significant age-related change in trabecular microstructure was
detected in the proximal tibia from age 16-17 weeks to 21-22 weeks [64], indicating that
the dramatic tibial trabecular bone loss and microstructural deterioration found in this
current study were induced by OVX surgery. These findings align with several previous
in vivo µCT-based studies in which a significant deterioration in trabecular
microarchitecture was observed at the rat proximal tibia following OVX surgery [48, 50,
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53, 65]. As osteoporosis progresses, the thickness and number of trabeculae significantly
reduce, and, as a result of microstructural deterioration, the topological type of trabeculae
shifts from plate-like to rod-like structure. The elevated remodeling of individual
trabecula induced by OVX causes disconnection of the trabecular bone network and
increased separation between trabeculae. An important body of work has demonstrated
that this trabecular phenotype is associated with decreased mechanical competence and
increased fracture risk [66, 67].
This study provides new insight on the pathophysiology of osteoporotic bone loss
by seeking to correlate microstructural parameters with bone loss rates. Based on the
linear regression analyses, we found no correlation between baseline bone mass and the
rate of OVX-induced bone loss. However, in contrast to our current findings, our
previous study, which tracked skeletal changes following OVX in virgin rats and rats
with reproductive history, found a positive correlation between baseline bone mass and
the degree of post-OVX bone loss when pooling the data of all rats together [50].
However, the reproductive history may impact OVX bone loss through other biological
pathways, and as a result, the independent effects of peak trabecular bone mass on the
rate of post-OVX bone loss could not be isolated in a cohort of virgin and reproductive
rats with heterogeneous background. Similarly, studies in mice with heterogeneous
genetic background also found a positive correlation between OVX-induced bone loss
and baseline bone mass at the proximal tibia [45, 46]. Since different mouse strains were
utilized in these studies to compare the rate of bone loss caused by OVX, the positive
correlation between baseline bone mass and OVX bone loss rate may be partially
49

attributed to the genetic heterogeneity of the mice. Indeed, when each mouse strain was
considered independently, no significant correlations were detected between baseline
BV/TV and the extent of post-OVX bone loss [45], which is consistent with our current
results.
Moreover, previous clinical investigations provide highly variable information on
the association between peak bone mass and postmenopausal bone loss rate. Some
clinical studies suggested that the baseline trabecular vBMD could not predict the rate of
bone loss by pQCT measurements at the distal radius in peri- and postmenopausal
women [39]. Moreover, a recent study showed that the peak aBMD and the rate of bone
loss during early postmenopause assessed by DXA at lumbar spine are independent risk
factors for subsequent fractures [40]. However, contrary to our findings, other data
suggested that women with lower peak bone mass may undergo a higher rate of bone loss
based on forearm measurements by pQCT imaging [38], while others found opposite
results by femoral neck DXA measurements that women with higher baseline aBMD
have greater rate of bone loss [41-43]. These inconsistent observations could be caused
mainly by two reasons: 1) differences in measurement technique: DXA-based aBMD is
influenced by bone size and cannot distinguish between cortical and trabecular bone,
which may induce different correlation when comparing to results calculated by pQCTbased vBMD. 2) Variations in study designs, measured bone sites (weight-bearing site vs.
non-weight-bearing site), timing of the longitudinal CT measurements (at pre-, peri-, or
during menopause), and population characteristics (racial, social, and cultural
confounding factors) may also impact their results and conclusions. Therefore, taken all
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together, standard measurement of peak bone mass by DXA may not be a reliable
predictor of bone loss rate post menopause.
The peak bone microstructure may provide further insight in predicting the rate of
postmenopausal bone loss. One clinical measure of trabecular bone quality, the trabecular
bone score (TBS), provides an indirect measurement of trabecular microstructure by
evaluating the texture of lumbar spine DXA images [68]. A recent study found that a low
baseline TBS (indicative of a deteriorated trabecular microstructure) was associated with
a higher percentage of bone loss and osteoporosis at follow-up in perimenopausal women
[69], indicating that the peak bone microstructure may have the potential to predict the
rate of bone loss when subjected to estrogen deficiency.
Our current findings indicate that, among all baseline trabecular microstructural
parameters, only baseline trabecular thickness showed a negative trend of correlation
with OVX-induced bone loss rate by linear regression. Moreover, stepwise multiple
linear regression analysis confirmed that the combination of baseline Tb.Th and Conn.D
are the most important predictors for the extent of post-OVX bone loss. While there was
a positive association between baseline Conn.D and the degree of OVX bone loss, the
baseline Tb.Th was correlated inversely, suggesting that a trabecular bone phenotype
with thicker trabeculae and fewer connections are protective against OVX bone loss.
Surprisingly, we found no correlation between baseline trabecular surface area and the
rate of post-OVX bone loss, and thus, the protective effect of increased Tb.Th on postOVX bone loss appears to be independent of any possible relationship to remodeling
surface area.
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Indeed, the results from the tertile analysis of Tb.Th adjusted by baseline BV/TV
suggest that given the same bone mass (baseline BV/TV), rats with thicker trabeculae had
attenuated reduction in volume, number, and connectivity of trabeculae and greater
increase in spacing between trabeculae in response to OVX, suggesting that thicker
trabeculae were associated with greater resistance to loss of trabecular network integrity.
In contrast, rates of post-OVX trabecular thickness loss were similar among all 3 tertiles,
suggesting a similar level of trabecular thinning regardless of their baseline thickness.
Overall, the improved resistance of thicker trabeculae to post-OVX microstructural decay
resulted in a protective effect against loss of trabecular bone stiffness.
Consistent with these findings, our previous study found that the thicker
trabeculae attained in rats with a history of lactation are significantly associated with
attenuated OVX-induced bone loss compared to the age-matched virgin rats [50].
Moreover, despite the distinct bone loss patterns between the two groups, the number and
surface of osteoblasts and osteoclasts post-OVX did not differ between virgin rats and
rats with a history of lactation. Furthermore, it has been shown that OVX-induced bone
loss is more likely to progress through diminished connectivity than a gradual thinning of
overall trabeculae [45]. Similar mechanisms are thought to occur post-menopause: the
trabecular elements that perforate or disconnect post-menopause lead to deteriorated
connectivity in the trabecular network, thus resulting in an accelerated bone loss [70-72].
Along with our current and previous results that thicker trabeculae resulted in attenuated
bone deterioration post-OVX [50], these findings suggest that thicker trabeculae may be
protective against structural deterioration in response to estrogen deficiency. Our working
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hypothesis is that the increased bone remodeling due to estrogen deficiency has varied
effects on the structural integrity of the trabecular network depending on the trabecular
thickness. For thick trabeculae, the bone resorption occurring post-OVX can be repaired
by subsequent osteoblast activities (Figure 2-4 D). However, the thin trabeculae may
easily disconnect during the rapid remodeling phase and cannot be repaired afterwards
(Figure 2-4 E). Indeed, the results from ITD analyses demonstrated a “thickness effect”
in which a trabecular network with thicker individual trabeculae is less likely to be
disconnected or perforated post-OVX, which leads to attenuated OVX bone loss.
Intriguingly, our results suggested that this “thickness effect” would initialize at
trabecular thicknesses greater than 0.03 mm, and plateau at thicknesses beyond 0.08 mm.
Therefore, it is possible that 0.03 mm is a lower limit for the “thickness effect”, as all the
individual trabeculae thinner than the lower limit may always be perforated or separated
due to the rapid bone resorption post-OVX; and conversely, 0.08 mm could be
considered as an upper limit for the “thickness effect”, as the extent of post-OVX bone
remodeling may not be enough to induce any perforation or separation in trabeculae with
baseline thickness beyond this upper limit. As reported by previous studies, the average
depth of osteoclast resorption cavities varies between 0.014 and 0.063 mm [73, 74],
which is consistent with the upper and lower thickness limits demonstrated by the current
study. Defining the lower and upper thickness limits in a clinical setting could yield a
better understanding and prediction of post-menopausal bone loss, as they likely define
the susceptibility of trabeculae of various thickness to structural deterioration and
elevated bone loss.
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Evaluation of the relationship between baseline trabecular microstructure and
OVX-induced changes in trabecular stiffness (estimated through FEA) indicated that only
baseline trabecular thickness was significantly and negatively correlated with OVXinduced changes in trabecular stiffness, Moreover, tertile analyses revealed that
regardless of the baseline trabecular bone volume, rats with thicker trabeculae underwent
attenuated reduction in the stiffness of the trabecular compartment post-OVX, which
further suggests that a trabecular bone phenotype with thicker baseline trabeculae may
better preserve its mechanical integrity when subjected to estrogen deficiency, and thus,
reducing the fracture risk post-menopause.
Our study has some limitations. First, biochemical markers of bone remodeling or
histomorphometry were not assessed, therefore it is not possible to directly compare the
bone cell activities among rats with variable peak bone microstructure. Whether or not
the baseline bone microstructure has influence on the bone remodeling rate post-OVX is
not clear and requires further investigation. Moreover, in contrast to the high similarities
in trabecular bone compartments between rats and humans, humans have distinct cortical
bone remodeling than rats. In humans, the increased Haversian remodeling postmenopause exerts a main contribution to cortical porosity, while rats lack a welldeveloped Haversian remodeling system, and a result, rats cannot mimic the changes in
human cortical bone post-menopause [75]. Thirdly, the voxel size of the µCT scans was
10.5µm, limiting the power of in vivo µCT scans in detecting small changes over time.
However, it has been suggested that by applying the current settings of scanning (e.g.
additional fixation to the scanned sites) and post-scanning image processing of 3D
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registration, the in vivo µCT measurements yielded a reasonable precision in detecting
changes in rodent trabecular bone [55]. Lastly, only one time point (4 weeks post-OVX)
was measured, and thus our conclusions are limited to early post-OVX bone loss.
Evaluation of an extended post-OVX duration in future work is warranted to further
elucidate the impact of peak bone microstructure on post-OVX bone changes.
Despite these shortcomings, our study provides relevant and novel insight into
predicting early onset of postmenopausal osteoporosis using a gold standard rat model.
Although the implications for translating these findings to clinical remain to be
confirmed, the similarities of hormonal changes and skeletal responses between OVX rats
and postmenopausal women are well established [76]. To our knowledge, this study
represents the first attempt to establish a relationship between peak trabecular parameters
and the degree of OVX-induced bone loss in individual trabeculae in a homogeneous
rodent population. The state-of-art imaging technologies used in this study allowed us to
accurately track and monitor in vivo bone structural changes at an individual trabecula
level. Moreover, utilizing ITD analysis, the influence of the thickness of each individual
trabecula on its susceptibility to disconnection or perforation in response to elevated rate
of bone remodeling was elucidated.
In summary, the extent of estrogen-deficiency-induced bone loss was predicted by
peak bone microarchitecture, most notably the trabecular thickness. Specifically,
trabecular networks with thick trabeculae showed an attenuation in OVX-induced
trabecular bone microstructure and stiffness deterioration. Further analysis suggests that
thicker trabeculae are less likely to be disconnected or perforated in response to estrogen
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deficiency, as the resorbed bone is more likely to be repaired by the coupled bone
formation. Taken together, these findings suggest that given the same bone mass, a
trabecular bone phenotype with thin trabeculae may be a risk factor toward accelerated
postmenopausal bone loss, which provides important clinical insights toward the
development of patient-specific osteoporosis management strategies based on peak bone
microstructure.
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CHAPTER 3: MATERNAL BONE ADAPTATION TO MECHANICAL LOADING
DURING PREGNANCY, LACTATION, AND POST-WEANING RECOVERY
A. Introduction
As discussed in the background section of Chapter 1, the maternal skeleton serves
as an important reservoir for minerals during reproduction and lactation, which can be
accessed to allow the body to support fetal/infant growth and maintain homeostasis [1].
In women, the resulting skeletal resorption can lead to 1-4% decline in areal bone mineral
density (aBMD) during pregnancy [2-6], and 4-8% reduction in BMD during lactation [611]. Following weaning, the maternal skeleton undergoes a remarkable anabolic phase,
leading to substantial recovery of bone mass and bone microstructure [1, 12-15].
Intriguingly, the extent to which bone structure is recovered post-weaning is sitedependent (details in Chapter 1), suggesting that physiological load-bearing may play an
important role in regulating reproduction-induced skeletal alterations.
Despite the significant reduction in bone mass and mechanical properties,
pregnancy- and lactation-associated fracture is uncommon [1]. Nevertheless, women with
low bone mass or skeletal fragility prior to pregnancy may be predisposed to a higher risk
of fractures. Given the importance of physiological load-bearing on regulating
reproduction-induced skeletal changes, we asked the question: would external mechanical
loading exert a protective and beneficial effect on bone health during reproduction,
lactation, and post-weaning recovery? Although it is suggested that physical exercise
during pregnancy and breastfeeding benefits women’s physical and psychological wellbeing [16], clinical investigations have reported variable results on the relationship
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between weight-bearing exercises and bone health during pregnancy and lactation. Some
studies suggest that the physical activity is associated with a reduced extent of aBMD
loss during pregnancy and lactation [17, 18], while others reported no benefits [19, 20].
An animal study using a bipedal stance model in rats found that weight-bearing exercise
during pregnancy attenuated trabecular bone loss at the tibial metaphysis and increased
cortical bone strength at the tibial diaphysis by the end of lactation [21]. Despite these
previous data, further investigations are required to elucidate the detailed effects of
mechanical loading on reproduction- and lactation-induced bone changes. Therefore, the
first objective of this study was to investigate the maternal bone adaptations to external
mechanical loading by utilizing an in vivo dynamic tibial loading protocol during
pregnancy, lactation, and post-weaning recovery in a rat model. We hypothesized that
external dynamic loading would attenuate the bone loss induced by pregnancy and
lactation, and enhance the bone recovery post-weaning.
In addition, we also aimed to explore potential mechanisms through which the
skeleton efficiently balances its metabolic and mechanical function during reproduction
and lactation. As the long-lived primary mechanosensory cells in bone, the osteocytes
likely play an important role in mediating skeletal mechano-responsiveness during
reproduction and lactation. Osteocytes form an extensive cellular network through their
numerous cell processes housed in the lacunar-canalicular system (LCS), an
interconnected set of pores and channels embedded in the mineralized bone matrix. This
LCS network allows nutrient supply, waste removal, and transport of signaling molecules
[22, 23]. Moreover, loading-induced interstitial fluid flow inside the LCS transmits
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macroscopic mechanical stimuli to osteocytes through shear stress on the cell process and
fluid drag on the tethering elements that connect the cell processes with canalicular wall,
triggering the release of various osteocytic signaling molecules that regulate mineral
homeostasis [24]. LCS structure is thus a key determinant of fluid and solute transport
that is essential for osteocyte signal transduction. Several studies in mice have
demonstrated that, in various conditions, most notably during lactation, the LCS is
modified through osteocyte peri-lacunar/canalicular remodeling (PLR) [25-31]. This
lactation-induced PLR may alter the LCS porosity and the pericellular matrix (PCM)
around osteocytes, thus affecting flow-mediated mechanosensing and
diffusion/convection of nutrients and signaling molecules for osteocytes [32, 33].
Although the lactation-associated PLR has been demonstrated in mice, whether PLR
occurs during lactation in rats still remains unclear. Therefore, the second objective of
this study was to assess the effects of pregnancy, lactation, and post-weaning recovery on
osteocyte microenvironment in a rat model. Based on the previous findings in mice, we
hypothesized that osteocytes can actively remodel their peri-lacunar/canalicular bone
matrix through PLR during lactation in rats, and this altered osteocyte microenvironment
might be associated with altered mechano-responsiveness of post-partum bone.
B. Methods
B.1 Animal protocol
All animal protocols were approved by the University of Pennsylvania’s
Institutional Animal Care and Use Committee. Female, Sprague Dawley rats were
assigned to 4 groups (n=10-11/group): Pregnancy, Lactation, Post-Weaning, and Virgin.
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Different timing of mating was chosen for each group so that all rats reached the same
age of 26 weeks when loading experiments started (Figure 3-1). All rats received 2 weeks
of dynamic loading. Rats in the Pregnancy group received dynamic loading from day
3.8±2.2 to day 17.8±2.2 of pregnancy. To confirm the success of the pregnancy,
euthanasia was delayed until parturition (4.2 days after the end of dynamic loading). Rats
in the Lactation group underwent pregnancy followed by 14 days of lactation (loading
initiated from day 1 of lactation) before euthanasia. Rats in the Post-Weaning group
underwent pregnancy, 21 days of lactation, and 14 days of post-weaning recovery
(loading initiated from day 1 post-weaning) before euthanasia.
To ensure sufficient dietary calcium content, all rats were fed a high-calcium diet
(LabDiet 5001 Rodent Diet; 0.95% Ca). All litters were normalized to 9 pups per mother
within 24 hours of birth for consistent lactation intensity. Throughout the experiment, all
rats were housed in standard conditions of three rats per cage, except rats in the
reproductive groups were separated to one rat per cage during the last week of pregnancy
and throughout the lactation period. All groups of rats were allowed to have normal cage
activities throughout the experiment. Experiments were performed in three batches,
performed 5 and 28 months apart, respectively. Two rats in the Virgin group were
euthanized after the identification of mammary tumors, two rats in the Pregnancy group
and one rat in the Lactation groups failed to become pregnant, one rat each in the
Lactation and Post-Weaning groups died while giving birth, and one rat in the Lactation
group as well as two rats in Post-Weaning groups died during the μCT scans, resulting in
a final sample size of n=8 for all groups.
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Figure 3-1. Schematics of study design.
B.2 In vivo dynamic loading protocol
A 2-week dynamic, compressive, uniaxial loading protocol for mouse tibia [3436] was adapted for rats in this study. To determine the appropriate loading magnitude,
an ex vivo strain gauge study was performed on a separate set of rats, including 4-monthold male rats, 4-month-old virgin female rats, 12-month-old virgin female rats, and 12month-old reproductive rats (n=6-8 tibiae/group). Reproductive rats underwent 2 cycles
of pregnancy, with each cycle consisting of a 3-week lactation and a 6-week postweaning recovery period, followed by euthanasia 8 weeks after the end of the 2nd cycle.
A single-element gauge (EA-06-015DJ-120; Measurements Group, Inc., Raleigh, NC)
was attached on the relatively flat medial surface (1-2 mm proximal of tibial middiaphysis) of the intact tibia that remained attached to the rat body. A compressive
loading with gradually increased magnitude (0.5N/s to 60N) was applied to the tibia by
utilizing a Bose Electroforce TestBench® loading system (TA Instrument, Eden Prairie,
MN, USA), and the corresponding output voltage of the strain gauge was automatically
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recorded by LM1’s data acquisition unit and converted to strain by applying a calibrated
conversion coefficient. The compressive rigidity of tibiae for each group of rats was
calculated from the strain-load curves derived from the loading tests. To achieve a
consistent 1500 με strain on the tibial surface, the loading magnitudes for the four groups
of rats were calculated to be 55.8±3.4 N, 44.0±3.2 N, 44.9±4.2N, and 44.7±7.0N for 4month-old males, 4-month-old virgin females, 12-month-old virgin females, and 12month-old reproductive females, respectively (Table 3-1). Based on the similar strainload curves observed in all groups of female rats regardless of age or reproductive status
(Figure 3-2), we expect that the tibia of rats at age of 7 months would share a similar
strain-load relationship with those of other female groups. In our pilot study, a peak load
of 36N (corresponding to ~1200 με on the surface of tibial midshaft) was applied to the
7-month-old female rats, but minimal loading responses were detected (data not shown).
Therefore, a loading magnitude of 45N, which corresponds to a higher strain of ~1500 με
on the tibial midshaft surface, was utilized to induce adaptive loading responses in the
current study in all groups of rats.
Prior to loading process, rats were anesthetized (4/2% isoflurane: 4% isoflurane
for induction, and 2% isoflurane for maintenance), and a peak load of 45N was applied to
the left tibiae at 2 Hz (i.e., 0.15s ramp up, 0.15s ramp down, and 0.2s dwell time) by
using a Bose Electroforce TestBench system (TA Instrument, Eden Prairie, MN, USA),
for 5 minutes/session, 5 sessions/week over 2 weeks. The right tibia remained as a nonloaded, contralateral control. After each loading session, all rats were returned to their
cages and allowed unrestricted activities. The weight of each rat was monitored during
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the loading period, and no rats were excluded from this study as the weight loss in all rats
was less than 10% [36].
Table 3-1: Relationships between strains (µε) on the surface of tibial midshaft and the
corresponding magnitude of compressive load required (N)
Magnitude of Compressive Load Required (N) *

Strains
4mo Male

4mo Virgin
Female

12mo Virgin
Female

12mo Reproductive
Female

500

18.6 ± 1.1

14.7 ± 1.1

15.0 ± 1.4

15.0 ± 2.3

750

27.9 ± 1.6

22.0 ± 1.6

22.5 ± 2.1

22.4 ± 3.5

1000

37.2 ± 2.2

29.3 ± 2.1

29.9 ± 2.8

29.8 ± 4.7

1250

46.5 ± 2.8

36.6 ± 2.7

37.4 ± 3.5

37.3 ± 5.9

1500

55.8 ± 3.4

44.0 ± 3.2

44.9 ± 4.2

44.7 ± 7.0

1800

67.0 ± 4.1

52.7 ± 3.8

53.9 ± 5.0

53.7 ± 8.4

(µε)

*: Data represented as mean ± SD.

Figure 3-2: Relationships between strains (µε) on the surface of the tibial midshaft and
the corresponding magnitude of compressive load required (N) in 4-month-old male rats,
4-month-old virgin female rats, 12-month-old virgin female rats, and 12-month-old
reproductive female rats.
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B.3 In vivo µCT scans, image registration, and bone microstructural analysis
Micro-computed tomography (μCT) scans of both the right and left proximal tibia
and tibial midshaft were performed right before (week 0) and at two weeks after the
initiation of loading (week 2) using in vivo µCT (Scanco vivaCT40, Scanco Medical AG,
Brüttisellen, Switzerland), as described in our previously published study [37] and
Chapter 2. Briefly, rats were anesthetized (4/2% isoflurane), and one of the tibiae was
fixed into a customized holder to ensure minimal motion. A 4.2 mm thick segment of the
proximal tibia (located 0.3 mm below the proximal growth plate) and a 2.1 mm thick
section of the tibial midshaft (located at the midpoint between the end of the distal and
proximal epiphysis) were scanned at 10.5 µm voxel size. The scanner was operated at
200 ms integration time, 145 µA current, and 55 kVp energy, and the average scan time
was approximately 30 minutes per tibia. Rats were woken up and allowed to recover for
~3 hours from anesthesia between the two scans performed on each tibia.
The changes in trabecular microstructure within a constant volume of interest
(VOI) were longitudinally tracked by using the same method described in Chapter 2. A
manually contoured, 1.5-mm thick trabecular VOI, located 2.6 mm distal to the growth
plate (Figure 3-3), was identified in the week 2 scan and registered back to the previous
scan at week 0, and as a result, loading-induced changes in a consistent trabecular VOI of
each rat were identified and monitored. Standard parameters of trabecular bone
microstructural parameters [38], such as bone volume fraction (BV/TV), trabecular
number (Tb.N), trabecular thickness (Tb.Th), trabecular spacing, (Tb.Sp), connectivity
density (Conn.D), and structure model index (SMI) were quantified. For both non-loaded
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and loaded tibiae of each rat, the percent change from week 0 was computed for all
trabecular parameters except SMI, which ranges between -3 to 3. Normalized SMI was
computed by subtracting the SMI of week 0 from week 2 measurements for each rat.
To quantify changes in cortical structure, the scans of the tibial midshaft at week
2 were registered and rotated to align with the baseline scans. A 50-slice thick cortical
VOI located at the center of the tibial midshaft (Figure 3-3) was semi-automatically
contoured using manufacturer-provided software (Scanco Medical AG, Brüttisellen,
Switzerland). Voxels within the cortical VOI were then filtered (Gaussian filter,
sigma=1.2, support=2), followed by application of a global threshold corresponding to
822 mgHA/cm3. Standard parameters of cortical bone microstructure, including cortical
area (Ct.Area), cortical thickness (Ct.Th), and polar moment of inertia (pMOI), were
measured. The percent changes in cortical bone microstructural parameters between week
0 and week 2 were calculated in both non-loaded and loaded tibiae for each rat.
Moreover, the corresponding loading-induced differences in cortical microstructural
percent changes between loaded vs. non-loaded tibiae (% change in loaded tibia - %
change in non-loaded tibia) for each rat were further calculated.
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Figure 3-3: (A) Illustrations of µCT scanning regions and VOIs for analysis. Region
between green dashed lines is the scanning region at proximal tibia; green rectangle
represents the VOI for trabecular bone analysis. Region between orange dashed lines is
the scanning region at tibial midshaft; orange rectangle represents the VOI for cortical
bone analysis. (B) Representative 3D renderings of trabecular bone at the proximal tibia.
(C) Representative 3D renderings of cortical bone at the tibial midshaft.

B.4 Dynamic bone histomorphometry on periosteal bone formation
All rats received subcutaneous injections of calcein (20 mg/kg, Sigma-Aldrich, St.
Louis, MO) at day 4 of loading, and intraperitoneal injections of alizarin complexone
(30mg/kg, Sigma-Aldrich, St. Louis, MO) at day 13 of loading. These injection schedules
corresponded to 11 and 2 days prior to euthanasia, respectively, except in Pregnancy
group (14.8±2.2 and 5.8±2.2 days prior to euthanasia, respectively). After euthanasia,
~10 mm-long segments of midshafts of both tibiae were harvested, embedded in MMA,
and cut into 0.5 mm-thick transverse sections using a low-speed diamond saw (IsoMet,
Buehler). Zeiss Axio Zoom.V16 microscope with ApoTome was applied for image
capture and digital signal correction, and subsequently the dynamic bone
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histomorphometry was performed to assess bone formation rate (BFR/BS), mineral
apposition rate (MAR), and mineralizing surfaces (MS/BS) at the periosteal surface of
the tibial midshaft using OsteoMeasure Software (OsteoMetrics, Inc., Decatur, GA),
where BS is the entire periosteal circumference [39]. The fold changes of bone formation
parameters between loaded vs. non-loaded tibiae for each rat ((Bone formation
parameters in loaded tibia - non-loaded tibia)/ non-loaded tibia) were calculated to
determine the loading-induced bone formation. For samples with no double-labeled
surface, the average value of MAR for the cohort to which the sample belongs was
assigned for its MAR and was used to calculate BFR/BS [39].
B.5 Ploton silver staining on osteocyte lacunar-canalicular network in the nonloaded tibia
Immediately after euthanasia, ~15 mm-long segments of the right (non-loaded)
distal tibiae starting from 2 mm proximal to the distal tibial-fibular junction were
harvested, fixed in 4% paraformaldehyde (PFA) solution in phosphate-buffered saline
(PBS) for 48 hours, decalcified in 10% ethylenediaminetetraacetic acid (EDTA) for 30
days, and then embedded in paraffin. 8 µm-thick longitudinal paraffin sections were
processed from the non-loaded tibiae collected from the first and second batches of 45N
loading study (n=4-6/group) and the 36N loading study (n=0-2/group), making a final
sample number of 6 animals per group.
To assess changes in lacunar-canalicular network structure, Ploton silver staining
was performed on paraffin sections as previously described [30, 40]. Briefly, the deparaffined sections were incubated in freshly mixed working silver nitrate solution,
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consisting of two parts of 50% silver nitrate and one part 1% formic acid in 2% gelatin
(Type B gelatin from bovine skin, Sigma) solution, for 55 mins, washed in 5% sodium
thiosulfate for 10 mins, and then dehydrated and mounted. Thirty lacunae were randomly
selected from both medial and lateral sides (n=15/side) in a 0.5 mm-long region of the
tibial cortex located at 1 mm proximal to the distal tibial-fibular junction (n=6 rats/group)
to quantify lacunar area, lacunar perimeter, number of canaliculi emanating from each
lacuna, and number of canaliculi per lacunar surface.
B.6 Bone immunohistochemistry (IHC) on osteocyte PLR activities in the nonloaded tibia
To assess PLR enzyme activities, paraffin sections were incubated with primary
antibodies for MMP13 (1:100; Abcam, ab39012) or CtsK (1:75; Abcam, ab19027),
followed by incubations with corresponding biotinylated secondary antibody, avidinconjugated peroxidase, and diaminobenzidine substrate chromogen system (Innovex
Universal Animal IHC kit) to detect positively stained cells [41]. Sections stained with
Rabbit sera IgG were used as negative controls. All measurements were made within a
0.5-mm long region of both medial and lateral tibial diaphysis located at 1 mm proximal
to the distal tibial-fibular junction. For quantification, each lacuna was manually scored
as either positive or negative using OsteoMeasure Software (OsteoMetrics, Inc., Decatur,
GA). Subsequently, the percentage of positively stained lacunae was determined.
B.7 Statistical analysis
All results are reported as mean ± standard deviation. Comparisons of loadinginduced changes in the same animal, e.g. week 0 (pre-loading) vs. week 2 (post-loading),
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as well as left (loaded) vs. right (non-loaded) tibiae, were made using student’s paired ttest; while one-way ANOVA with Bonferroni corrections was used to compare loading
responses and osteocyte-related parameters in rats with different reproductive status. For
all tests, p-values below 0.05 were considered statistically significant, while p-values
below 0.1 were considered as a trend of difference with specific p-value provided.
C. Results
C.1 Effects of reproduction and lactation on trabecular and cortical bone
microstructure at the non-loaded tibia
For the non-loaded tibiae, Virgin rats underwent minimal changes in all trabecular
parameters over the 2-week period (Figure 3-4). In contrast, non-loaded tibiae in
Pregnancy rats underwent a trend of 6% reduction in BV/TV (p=0.058), 4% and 9%
reductions in Tb.N and Conn.D, respectively and a 4% increase in Tb.Sp over 2 weeks
(Figure 3-4 B-F). Moreover, for the non-loaded tibiae of Lactation rats, BV/TV, Tb.Th,
Tb.N, and Conn.D dropped 20-81%, Tb.Sp increased by 87% over the 2 weeks, and SMI
was 0.69 above the level at parturition (week 0, Figure 3-4 B-G). Following weaning, the
trabecular microstructure partially recovered, compared to the end of lactation. At 2
weeks post-weaning, BV/TV, Tb.Th, Tb.N, and Conn.D of non-loaded tibiae of the PostWeaning group were elevated by 116%, 31%, 12%, and 169%, respectively, while Tb.Sp
decreased by 11% and SMI lowered by 0.30 when compared to the end of lactation (week
0, Figure 3-4 B-G). However, all trabecular bone microstructural parameters of the PostWeaning rats (week 2) were still significantly lower than those in the age-matched
virgins (Figure 3-5).
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In contrast to the substantial changes in trabecular bone at the proximal tibia,
reproduction and lactation induced minimal alterations in cortical bone structure at the
tibial midshaft (Figure 3-6 A-C). As a result, no difference was found in any cortical
bone parameters of the non-loaded tibia among groups (Figure 3-5). Over a 2-week
period, Virgin rats underwent 0.5% and 1% increases in Ct.Area and pMOI, respectively.
Moreover, Ct.Area, pMOI, and Ct.Th increased 1.5%, 2.5%, and 1.3%, respectively, over
2 weeks of pregnancy. No change was observed in Lactation rats except a trend of 1.4%
decrease in Ct.Area (p=0.09) over 2 weeks of lactation, while trends of increases of
1.2%, 0.6%, and 0.6% in Ct.Area (p=0.07), pMOI (p=0.097), and Ct.Th (p=0.07),
respectively, were detected in Post-Weaning rats over the 2 weeks post-weaning.
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Figure 3-4. (A) Representative 3D renderings of trabecular bone at the proximal tibia in
Virgin, Pregnancy, Lactation, and Post-Weaning rats. % changes in (B) BV/TV, (C)
Tb.Th, (D) Tb.N, (E) Tb.Sp, and (F) Conn.D, as well as (G) change in SMI in loaded and
non-loaded tibiae in rats with different reproductive status. p<0.05: # indicates significant
changes over the 2-week time period (week 0 vs. week 2); * indicates significant
differences between loaded and non-loaded tibiae.
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Figure 3-5: Trabecular microstructural parameters at proximal tibia in rats at different
reproductive stages, including: (A) BV/TV, (B) Tb.Th, (C) Tb.N, (D) Tb.Sp, (E) Conn.D,
and (F) SMI. Cortical bone structural parameters at tibial midshaft in rats at different
reproductive stages, including: (G) pMOI, (H) Ct.Area, and (I) Ct.Th. * indicates
significant difference among groups (p<0.05).
C.2 Loading responses in trabecular bone microstructure at the proximal tibia
Two weeks of dynamic loading induced minimal loading responses in trabecular
bone in Virgin, Pregnancy, and Post-Weaning groups (Figure 3-4). For virgin rats, no
loading response was observed in trabecular bone except a 2% greater increase in Tb.Th
in the loaded vs. non-loaded tibiae. For rats in the Pregnancy group, loading led to a
greater increase in SMI in the loaded vs. non-loaded tibia, indicating a greater
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deterioration of plate-like trabeculae. Moreover, for rats in the Post-Weaning group,
loading led to a trend toward reduced recovery in Conn.D. In contrast, loading reduced
trabecular bone deterioration in the Lactation group (Figure 3-4). Although the loaded
tibiae in Lactation rats still experienced a reduction in BV/TV, this bone loss was
significantly attenuated by 11% when compared to the non-loaded tibiae (Figure 3-4 B).
Moreover, loading completely abolished the lactation-induced reduction in Tb.Th and
attenuated the loss in Conn.D in Lactation rats (Figure 3-4 C&F).

Figure 3-6. % changes in (A) Ct.Area, (B) pMOI, and (C) Ct.Th at tibial midshaft in
loaded and non-loaded tibiae in rats with different reproductive status. Comparisons of
loading-induced differences in % change between loaded and non-loaded tibiae in (D)
Ct.Area, (E) pMOI, and (F) Ct.Th at tibial midshaft in rats with different reproductive
status. p<0.05: # indicates significant changes over the 2-week time period (week 0 vs.
week 2); * indicates significant differences between loaded and non-loaded tibiae.
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Table 3-2: Trabecular and cortical bone microstructural parameters at week 2 in non-loaded and loaded tibiae in rats with different
reproductive status
Structural

Virgin

Pregnancy

Lactation

Post-Weaning

Parameters
Non-loaded

Loaded

Non-loaded

Loaded

Non-loaded

Loaded

Non-loaded

Loaded

0.28 ± 0.09

0.29 ± 0.08

0.26 ± 0.05

0.27 ± 0.04

0.05 ± 0.03

0.07 ± 0.03*

0.08 ± 0.05

0.10 ± 0.06*

Tb.Th (mm)

0.071 ± 0.008

0.072 ± 0.008*

0.067 ± 0.004

0.067 ± 0.003

0.047 ± 0.004

0.054 ± 0.006*

0.060 ± 0.010

0.067 ± 0.008*

Tb.N (1/mm)

5.39 ± 1.07

5.16 ± 0.92

5.37 ± 0.84

5.26 ± 0.86

2.80 ± 0.82

2.89 ± 1.04

2.80 ± 0.82

2.87 ± 0.77

Tb.Sp (mm)

0.17 ± 0.03

0.18 ± 0.03

0.17 ± 0.03

0.17 ± 0.03

0.43 ± 0.21

0.39 ± 0.15

0.39 ± 0.16

0.38 ± 0.15

Conn.D (1/mm3)

166.8 ± 64.2

158.8 ± 52.3

166.8 ± 64.2

168.8 ± 64.5

22.1 ± 23.1

33.9 ± 29.6

28.1 ± 21.8

34.8 ± 23.5

SMI

1.54 ± 0.32

1.14 ± 0.61*

1.54 ± 0.32

1.45 ± 0.21

2.99 ± 0.26

2.90 ± 0.23

2.76 ± 0.49

2.87 ± 0.57

pMOI (mm4)

5.23 ± 0.86

5.60 ± 1.07*

5.50 ± 0.80

6.00 ± 0.86*

5.22 ± 0.64

5.79 ± 0.73*

5.52 ± 1.16

6.23 ± 1.26*

Ct.Area (mm2)

4.18 ± 0.35

4.37 ± 0.36*

4.29 ± 0.25

4.46 ± 0.23*

4.18 ± 0.18

4.39 ± 0.22*

4.22 ± 0.43

4.47 ± 0.41*

Ct.Th (mm)

0.58 ± 0.03

0.60 ± 0.02*

0.59 ± 0.03

0.6 ± 0.02

0.58 ± 0.03

0.59 ± 0.02*

0.57 ± 0.03

0.59 ± 0.03*

(at week 2)
Proximal tibia
BV/TV
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Tibial midshaft

Data represented as mean ± SD.
*: Loaded different from non-loaded tibia, p<0.05.
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C.3 Loading responses in cortical bone structure at the tibial midshaft
Significant loading responses were found in cortical bone structural parameters in
all groups of rats (Figure 3-6 A-C). The 2-week loading elevated Ct.Area, pMOI, and
Ct.Th by 2.9%, 4.9%, and 2.3%, respectively, in Virgins, which were significantly
greater than changes in the non-loaded tibia. Loading further enhanced the increases of
Ct.Area and pMOI in the Pregnancy group to 3.8% and 6.0%. Moreover, the loading
process halted the trend of lactation-induced deterioration in cortical bone structure, and
further induced a 3.7% increase in pMOI. Following weaning, Ct.Area, pMOI, and Ct.Th
increased by 3.6%, 6.5%, and 2.8% in the loaded tibia in the Post-Weaning group while
no change was detected in the non-loaded tibia. To further compare the extent of loading
responses among groups, the differences in percent change in cortical bone structure
between the loaded and non-loaded tibia were calculated for each rat (Figure 3-6 D-F).
However, no difference was found in the degree of loading responses in any cortical bone
structural parameters among groups (Figure 3-6 D-F).
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Figure 3-7. (A) Representative histology images of tibial midshaft. Comparisons of (B)
MS/BS, (C) MAR, and (D) BFR/BS at periosteal cortical bone of tibial midshaft between
loaded and non-loaded tibiae in rats with different reproductive status. Comparisons of
loading-induced fold changes in periosteal (E) MS/BS, (F) MAR, and (G) BFR/BS at
tibial midshaft in rats with different reproductive status. p<0.05: * indicates significant
differences between loaded and non-loaded tibiae; + indicates significant differences in
loading-induced fold change among groups.
C.4 Loading responses in cortical periosteal bone formation at the tibial midshaft
After two weeks of dynamic loading, MS/BS, MAR, and BFR/BS were
significantly elevated in the loaded vs. non-loaded tibia in all groups (Figure 3-7 A-D).
To further compare the extent of loading responses among different groups, the fold
changes in bone formation parameters between the loaded and non-loaded tibiae were
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derived. Intriguingly, Lactation rats had a higher fold change in MS/BS than Pregnancy
and a trend towards greater fold change than Virgin rats (Figure 3-7 E). Moreover, fold
change in MAR was greater in Lactation group compared to Pregnancy and PostWeaning groups (Figure 3-7 F), and as a result, Lactation rats had the highest loadinginduced fold change in BFR/BS among all groups (Figure 3-7 G).
C.5 Effects of reproduction and lactation on osteocyte lacunar-canalicular network
structure and PLR activities
Qualitatively, no obvious differences in the lacunar-canalicular network were
observed among groups (Figure 3-8 A). Quantitative comparisons indicated that the
lacunar perimeter was 10%, 7%, and 8% greater in Lactation rats when compared to
Virgin, Pregnancy, and Post-Weaning groups, respectively (Figure 3-8 B). Similarly,
Lactation rats had 15-21% greater lacunar area than all other groups (Figure 3-8 C). No
difference was detected in the number of canaliculi emanating from one lacuna or in the
number of canaliculi per lacunar surface (Figure 3-8 D&E).
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Figure 3-8. (A) Representative images of lacunar-canalicular network by Ploton silver
staining. Comparisons of (B) lacunar perimeter, (C) lacunar area, (D) canalicular number
per lacunar surface, and (E) canalicular number per lacuna at the tibial cortex in rats with
different reproductive status. * indicates significant differences among groups (p<0.05).
Significant PLR enzymatic activities were detected in Lactation rats. The
percentage of MMP13-positive osteocytes was 37% and 40% greater in Lactation than
Virgin and Post-Weaning rats, respectively (Figure 3-9 A&B). Similarly, percentage of
osteocytes that stained positive for CtsK was 50% higher in Lactation than Post-Weaning
rats (Figure 3-9 C&D).

Figure 3-9. Representative images of (A) MMP13 and (C) CtsK immunostaining.
Comparisons of (B) % MMP13-postive and (D) CtsK-postive osteocytes at the tibial
cortex in rats with different reproductive status. * indicates significant differences among
groups (p<0.05).
D. Discussion
This study was the first investigation on the effects of dynamic loading on bone
health during pregnancy, lactation, and post-weaning recovery in an in vivo animal
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model. By applying a dynamic tibial loading protocol with 1,500 με at tibial midshaft to
mimic jogging or running in women, we demonstrated that, despite the minimal loading
responses detected at the trabecular bone in virgins, loading reduced lactation-induced
trabecular bone loss and improved cortical bone structure regardless of reproductive
status, indicating a beneficial effect of weight-bearing exercise on maternal bone during
pregnancy and postpartum. Moreover, loading led to greater periosteal bone formation in
lactating rats compared to rats at other reproductive stages or age-matched virgins,
indicating a greater mechano-responsiveness of maternal bone during lactation.
Variable results were reported in clinical investigations of the effect of weightbearing activities during pregnancy and post-partum [17-20]. Discrepancies may be due
in part to inconsistencies in voluntary exercise intensity and differences in the stage of
reproduction and lactation among studies. By applying dynamic loading to rats at welldefined reproductive stages, the current study directly evaluated the potential of loadbearing exercise to modulate bone responses to reproduction and lactation. A peak load
within a physiological range that could induce robust loading responses (corresponding to
~1,500 με near the lateral midshaft surface) was applied for 2 weeks at the rat tibia to
mimic jogging or running in women [42, 43], and the loading responses induced by strain
within this physiological range are highly comparable between adult rat and mouse
models in both cortical and trabecular bone compartments [36, 44]. Minimal loading
responses were observed in trabecular bone at the proximal tibia in virgin, pregnancy and
post-weaning rats, while a significant loading response was detected in trabecular bone of
lactation rats, indicating a loading-induced attenuation in trabecular bone loss during
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lactation. However, despite attenuated trabecular bone loss during lactation, the absolute
values of trabecular microstructural parameters in Lactation rats were still lower than the
age-matched virgins. In contrast, dynamic loading enhanced cortical bone structure and
periosteal bone formation in all groups, suggesting that weight-bearing exercise at
moderate intensity exerts a protective effect or enhancement on cortical bone in rats
regardless of their reproductive stage. Furthermore, intriguingly, the loading-induced
increase in bone formation rate at the periosteal cortex of the tibial midshaft in lactating
rats was greater than that observed in virgins or other reproductive groups, indicating a
greater mechano-responsiveness of cortical bone during the lactation period. Consistent
with our findings, a previous study conducted ex vivo loading on the mouse fibula, and
found a stronger loading-induced reduction in osteocytic sclerostin expression as well as
a greater elevation in β-catenin expression by osteocytes in lactating mice than agematched virgins, suggesting that the osteocytes in fibulae from lactation mice may have a
stronger response to mechanical loading [45]. The enhanced loading responses in both
trabecular and cortical bone during the lactation period further emphasize the beneficial
effects of physical exercises on maternal bone health postpartum.
Our longitudinal μCT imaging approach allowed for the tracking of local changes
in the trabecular and cortical bone within a constant volume of interest (VOI) over the 2week period during pregnancy, lactation, and post-weaning recovery in both loaded and
non-loaded tibiae. As expected, reproduction and lactation induced substantial alterations
in trabecular bone microstructure at the proximal tibia, which aligns with several
previously published studies [12, 46, 47]. Also consistent with previous studies, while
85

trabecular bone volume and microstructure improved after weaning, this recovery was
not complete by two weeks post-weaning, as our post-weaning rats continued to show
microstructural deficits compared to virgins. For the first time, structural changes at the
tibial midshaft cortex were monitored by using in vivo μCT imaging. During pregnancy, a
small but significant increase in cortical bone size at the tibia midshaft was detected. This
is similar to what has been reported in the tibial metaphysis, where the tibial cortex
significantly increased, compensating the trabecular bone deterioration during pregnancy
[46]. Our results also indicated a trend of reduction in cortical bone parameters at the
tibial midshaft during lactation. In agreement with our findings, several rodent studies
suggested that the adverse effects of lactation are less pronounced at the predominantly
cortical tibial and femoral midshaft [14, 48-50]. These µCT-based findings were further
confirmed by the results of our dynamic histomorphometry analysis, which align well
with previous findings that the periosteal bone formation was elevated during pregnancy,
and ceased during lactation [15]. Following weaning, only trends of marginal increases in
tibial midshaft cortex were detected in the current study. This is consistent with previous
investigations in femoral midshaft of rats and mice, which suggested that the cortical
bone structure still remains deteriorated post-weaning when compared to virgins [14, 49,
51-53]. Nevertheless, previous studies suggested that improvements in intrinsic tissue
mechanical properties may compensate the cortical bone structural deficit, resulting in no
difference in femoral stiffness or peak load between post-weaning and virgin bone [53,
54]. Taken together, at the critical load-bearing sites such as the tibia or femur midshaft,
the significant improvement in cortical bone structure during pregnancy, less pronounced
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reduction at cortical bone during lactation, and further improvements in material
properties after weaning may work together to offset the potential loss of strength
induced by trabecular bone deficit following reproduction and lactation.
Consistent with previous studies in CD1 and C57BL/6 mice [25, 26, 29, 30, 55],
our study further confirmed that lactation resulted in increased lacunar size and osteocytic
PLR enzyme activities in rats, and these transient changes were reverted post-weaning.
No significant changes in lacunar morphology were observed during pregnancy.
Moreover, no striking changes in canalicular network were observed throughout the
whole reproductive cycle, which agrees with previous findings in mice [29]. In contrast
to our findings, a previous study evaluating lacunar diameter using µCT with a voxel size
of 2 µm found no difference between lactation and virgin rats on a normal diet [52]. Give
the small size of lacunae (~10 µm in the short axis [24]) and the subtle change during
lactation (7~10% increase in perimeter), the limited image resolution of µCT may not
allow the detection of such small changes in LCS induced by lactation. Another study
using Naval Medical Research Institute (NMRI) mice also reported no lactationassociated changes in lacunar size and morphology, suggesting that the effects of
lactation on lacunar structure may be strain-dependent in rodents [56].
The total surface area of osteocyte lacunae has been estimated to be several
magnitudes larger than that of the trabecular bone surfaces upon which osteoclasts can
act, and as a result, small alterations in osteocyte lacunae and canaliculi through PLR
during lactation may lead to a substantial change in bone mineral content at the level of
the whole animal [29, 57]. Additionally, the LCS structure, particularly the pericellular
87

matrix (PCM) in the LCS, also plays a critical role in osteocyte mechano-transduction. It
has been suggested that the interstitial fluid flow in the LCS, driven by external
mechanical loading, may amplify tissue-level strains for osteocytes to sense and respond
to [24, 58, 59]. Through PLR, the lactation-associated changes in LCS and its PCM may
have an impact on the mechanical signals perceived by osteocytes and their cell
processes, leading to altered bone mechano-responsiveness. To understand the potential
impact of PLR on osteocyte mechanosensing, Lai et al. [33] quantified and compared the
loading-induced fluid flow, flow-mediated mechanical stimulation on osteocytes, and
solute transport in LCS in the lactating and nulliparous skeleton using a multiscale
modeling approach built upon the LCS fluid flow model established by Weinbaum et al.
[60] and experimental and modeling system developed by Wang et al. [34, 59, 61]. Using
the key LCS features based on published experimental data of lactating and nulliparous
murine tibiae, the model predicted that increased LCS porosity alone would lead to a
marked increase of fluid drag force on the osteocyte body and cell processes under a high
frequency (4Hz) loading. Furthermore, the increased LCS dimensions will lead to
increased transport flux of signaling molecules, nutrients, and waste products among
osteocytes and between osteocytes and cells residing on the bone surface. Moreover,
degradation of the PCM fibers, which most possibly would occur in matrix lysis [25, 27,
62], along with high frequency loading, would synergistically promote flow-mediated
mechanical stimulations on osteocytes and their cell processes, and enhance solute
transport in the LCS. Based on these modeling results, we hypothesized that lactationinduced structural changes of the LCS and its PCM alter the microenvironment of
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osteocytes, leading to enhanced osteocyte mechanosensing. Aligning with our working
hypothesis, osteocyte lacunae in aging mice are smaller and more spherical, with reduced
PCM density [34, 63], which has been suggested to be associated with the reduced bone
mechano-responsiveness with aging [64, 65]. Further studies are warranted to explore the
effects of reproduction and lactation on osteocyte LCS ultrastructure, pericellular space
and fiber density, and to experimentally establish their direct influences on the loadinduced, fluid-mediated mechanical signals on osteocytes and other bone cells.
In addition to the positive effects of dynamic loading during pregnancy and
postpartum on maternal bone, the mother’s participation in physical activities may affect
the offspring. Although we did not investigate the effects of dynamic loading during
pregnancy and lactation on fetal/infant development in our current study, no obvious
difference in the size of neonatal pups or subsequent growth rate of pups was observed
throughout the experiment when compared to the “normal litters” from mothers with
standard cage activities. Intriguing, a recent study recruited 141 women and categorized
them into different activity groups based on activity types and intensities, and found no
relationship between physical activity during pregnancy and neonatal birth weight [66].
Another recent study showed that increased levels of physical activity by pregnant
women are associated with improved breastfeeding outcomes, which may benefit their
offspring [67]. Moreover, it has been suggested that moderate exercise does not affect
milk supply, milk macronutrient and mineral composition, or infant growth [68]. Taken
together, a moderate level of dynamic loading during pregnancy and postpartum appears
to exert no adverse effects on the offspring.
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Our study was not without limitations. Firstly, the effects of reproduction and
lactation on osteocyte LCS network and PLR activities were not examined in the loaded
tibiae. Our study was designed with the primary objective of investigating the loading
responses in rats with different reproductive status, while the secondary objective was to
examine the alterations of lacunar-canalicular system (LCS) over the course of the
reproductive cycle. Therefore, the proximal tibiae and tibial midshafts were embedded in
MMA to assess loading responses, while only the distal tibiae were harvested for paraffin
embedding to assess LCS network and PLR activities. Previous studies have suggested
that the strain level experienced at rat distal tibia during dynamic compressive loading is
much lower compared with the tibial midshaft, indicating that the distal tibia is not an
ideal location to analyze loading effects [69]. Moreover, a recent study found that the
loading process with 700-1,200 µε peak led to 20% increase in canalicular length and
elevated PLR mRNA level at the proximal tibia, but no loading-induced difference was
detected in the distal tibia, indicating that the mechanoregulation of PLR was site-specific
[70]. Therefore, future studies that are designed to directly assess PLR at the proximal
tibia, are warranted to investigate the loading-induced effects on LCS network and PLR
activities. Secondly, the ideal strain gauge measurements to identify loading magnitude
should be conducted in rats with the same age of 7 months, however, the current strain
gauging study was performed in rats with different ages and reproductive status,
including 4-month-old virgin female rats, 12-month-old virgin female rats, and 12month-old reproductive rats (n=6-8 tibiae/group). Similar strain-load curves were
observed in all groups of female rats, indicating that age and reproductive status did not
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significantly alter compliance of the tibia to loading, and thus, we expect that the tibia of
rats at age of 7 months would share a similar strain-load relationship with those of other
female groups. Moreover, the maternal trabecular bone underwent rapid changes during
pregnancy, lactation, and post-weaning recovery, making it difficult to adjust the peak
load to achieve consistent tissue strains over the 2-week loading period. Therefore, a 45N
peak load, corresponding to ~1,500 με on the tibial midshaft surface in virgin rats, was
applied to all reproductive groups. However, reduced trabecular bone volume and
deteriorated microstructure in the Lactation and Post-Weaning rats may lead to different
strain distributions inside the trabecular bone compartment when compared to Virgin and
Pregnancy groups. Nevertheless, the majority of the load applied to long bone is carried
by the cortical bone compartment. In the current study, no difference was found in the
tibial midshaft structure among groups (Table 3-2). Therefore, we expect the average
tissue strains applied to the tibial midshaft to be comparable among groups. To further
derive and compare the mechano-sensitivity of maternal bone at different reproductive
stages, additional pilot experiments with peak load at ~1,200 and ~1,800 με surface strain
were conducted (data not shown). However, while minimal loading responses were
observed at ~1,200 με (36N), the loading experiment at ~1,800 με was terminated early
due to the soft tissue damage in the rat joint caused by the high peak load (54N). To
overcome this limitation, a mouse model will be established in our future studies, where a
greater range of strains of 1,200-2,000 με on the medial bone surface can be safely
applied to induce robust adaptive loading responses on the tibia [36].
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Despite these shortcomings, our study provided a thorough evaluation of the
effects of pregnancy, lactation, and weaning on maternal bone mechano-responsiveness
and osteocyte microenvironment in rats. By applying a dynamic loading protocol, we
demonstrated the beneficial effect of loading on enhancing cortical bone structure of
maternal bone during pregnancy, lactation, and post-weaning recovery. Particularly,
maternal bone during lactation exhibited a greater mechano-responsiveness to dynamic
loading in both trabecular and cortical bone compartments when compared to Virgin,
Pregnancy, and Post-Weaning rats. Furthermore, elevated osteocyte PLR activities during
lactation resulted in significantly increased osteocyte lacunar dimensions in lactating rats.
This may lead to changes in interstitial fluid flow-mediated mechanical stimulation on
osteocytes and increased solute transport in the LCS during high-frequency dynamic
loading, thus enhancing mechano-responsiveness of maternal bone during lactation.
Taken together, this study provides important insight into the relationship between
reproduction and lactation-induced skeletal changes and external mechanical loading,
emphasizing the importance of weight-bearing exercise on maternal bone health
postpartum.
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CHAPTER 4: ENHANCED MECHANO-RESPONSIVENESS IN RAT MATERNAL
BONE INDUCED BY REPRODUCTION AND LACTATION CONFERS
PROTECTIVE EFFECTS AGAINST FUTURE ESTROGEN DEFICIENCY
A. Introduction
As described in Chapter 2, postmenopausal osteoporosis is a prevailing metabolic
skeletal disorder of low bone mass and compromised bone strength in postmenopausal
women [1, 2]. The accelerated bone resorption induced by low estrogen levels postmenopause leads to bone microstructural deterioration, resulting in bone fragility and
increased risk of fracture. In addition to this accelerated bone loss rate during menopause,
previous literature has suggested that the peak bone mass and microstructure attained
prior to menopause that also plays a critical role in subsequent osteoporosis risk [3].
Physical exercise may form an important target in both the prevention and
treatment of osteoporosis. Physical exercise increases the peak bone mass that is attained
prior to menopause [4-6], and can reduce BMD loss and bone fracture risk in
postmenopausal women [7-10], playing a critical role in osteoporosis intervention.
Similarly, animal studies also found attenuated trabecular bone loss and an anabolic
response at cortical bone shaft by external mechanical loading post-OVX [11-16].
However, it is thought that the mechanoresponsiveness of bone may decline with aging,
potentially limiting the efficacy of physical exercise in mitigating osteoporotic bone loss.
The impacts of physical exercise are likely modulated through osteocytes, the
highly differentiated cells from osteoblasts that are considered as the long-lived primary
mechanosensing cells in bone. As described in Chapter 3, osteocytes and their processes
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form an extensive lacunar-canalicular system (LCS), which plays an important role in
nutrient supply, waste clearance, cell signaling transport, as well as load transduction [17,
18]. Investigations in Chapter 3 as well as several previous studies in mice rodent studies
have shown that reproduction and lactation-associated peri-lacunar/canalicular
remodeling (PLR) alters the LCS structure and osteocyte pericellular matrix (PCM) [1924], thus affecting fluid-flow-regulated mechanosensing for osteocytes and thereby the
anabolic effects of exercise [25, 26].
In addition to osteocyte active PLR, reproduction and lactation also result in
dramatic changes in bone density and microstructural bone loss, which is significantly
but incompletely recovered after weaning, with long-lasting alterations in bone
microstructure in both rodents [27-30] and women [31, 32]. However, reproduction has
no long-term adverse effect on postmenopausal risk of osteoporosis/fracture [33]. Our
previous study explained this paradox by showing that rats with a history of pregnancy
and lactation had attenuated OVX-induced trabecular bone loss at the proximal tibia
when compared to age-matched virgins [34]. Intriguingly, the post-OVX bone loss in rats
with a reproduction history was further attenuated in trabecular bone of the lumbar
vertebra, a skeletal region with higher load bearing [34]. Taken together, these findings
suggest that the skeleton adapts to maintain bone mechanical integrity in response to
estrogen deficiency, and a history of reproduction and lactation may further enhance the
responses to physiological load-bearing post-menopause.
Despite of the protective effects of mechanical loading on postmenopausal bone
health, as well as our findings in Chapter 3 suggesting an altered mechano98

responsiveness associated with reproduction and lactation, no study to-date has examined
the direct effects of lactation history on bone responses to external loading. Therefore, the
first objective of this study was to investigate the long-term effects of reproduction and
lactation history on maternal bone adaptations to external mechanical loading by utilizing
an in vivo dynamic tibial loading protocol in rats under different estrogen status. We
hypothesized that external dynamic loading would attenuate the estrogen-deficiencyinduced bone loss, and further lead to an enhanced mechano-responsiveness in rats with a
lactation history. Moreover, we also aimed to explore the underlying cellular
mechanisms, and in particular, the potential for reproductive changes in LCS structure to
play a role in long-term skeletal mechano-responsiveness. Although lactation-induced
immediate alterations in PLR have been demonstrated as showed in previous
investigations and Chapter 3 [19-23], the long-term effects of lactation history on
osteocyte PLR still remain unclear. Therefore, the second objective of this study was to
evaluate long-term effects of reproduction and lactation history on osteocyte
microenvironment under different estrogen conditions. We hypothesized that the PLR
induced by lactation history primes the osteocyte microenvironment, which may be
associated with the enhanced mechano-responsiveness to confer protective effects against
estrogen deficiency later in life.
B. Methods
B.1 Animal protocol
All animal procedures were reviewed and approved by the University of
Pennsylvania's Institutional Animal Care and Use Committee. Thirty-two female Sprague
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Dawley rats were assigned to one of the two groups at the age of 14 weeks old: Virgin
and Lactation (n=16/group). Lactation rats underwent two repeated cycles of 3-week
pregnancy, 3-week lactation, and 6-week post-weaning recovery. To guarantee the milk
intake consistency, all litters were normalized to 9 pups per mother within 24 hours after
birth. At the age of 44 weeks, both Virgin and Lactation rats were divided into Intact and
OVX groups, and all rats in the OVX group underwent bilateral ovariectomy (OVX)
surgery to simulate estrogen deficiency post-menopause. All groups of rats were
euthanized at age 52 weeks (8 weeks post-OVX, Figure 4-1). The uterus was collected
and weighed to confirm the success of OVX surgery. Two rats in Lactation group failed
to become pregnant during the second cycle, and one Virgin rat was euthanized after the
identification of mammary tumors, resulting in a final sample size of n=8 for VirginOVX group, and n=7 for Virgin-Intact, Lactation-Intact, and Lactation-OVX groups. All
rats were fed with a high calcium diet (LabDiet 5001 Rodent Diet; 0.95% Ca), and
exposed to a 12:12 hour light:dark cycle through the whole experiment.
B.2 In vivo dynamic loading protocol
A 2-week non-invasive uniaxial compressive tibial loading protocol was applied
as described in Chapter 3. A similar strain gauge study was performed on a separate set
of rat tibiae with same grouping of Virgin-Intact, Lactation-Intact, Virgin-OVX, and
Lactation-OVX (n=6-8 tibiae/group). Similar relationships between strain and load were
observed in all groups of rats, which implies that lactation history and OVX status did not
alter the compliance of tibia to loading (Figure 4-2 and Table 4-1). All 6-week post-OVX
and age-matched intact rats in both Virgin and Lactation groups were anesthetized (4/2%
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isoflurane) and applied to the same loading protocol as shown in Chapter 3. Briefly, a
peak load of 45N, corresponding to ~1,500 µƐ at the tibia midshaft, was applied to the
left tibiae at 2 Hz for 5 minutes/session, 5 sessions/week over 2 weeks, while the right
tibiae remained as non-loaded, contralateral control. All rats were allowed unrestricted
cage activities after each loading session and underwent weight monitoring. No rats were
excluded from this study as the weight loss in all rats was less than 10% [35].

Figure 4-1. Schematics of study design.
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Figure 4-2: Relationships between strains (µε) on the surface of the tibial midshaft and
the corresponding magnitude of compressive load required (N) in Virgin-Intact,
Lactation-Intact, Virgin-OVX, and Lactation-OVX rats.
Table 4-1: Relationships between strains (µε) on the surface of tibial midshaft and the
corresponding magnitude of compressive load required (N)
Strains

Magnitude of Compressive Load Required (N) *

(µε)

Virgin-Intact

Lactation-Intact

Virgin-OVX

Lactation-OVX

500

15.0 ± 1.4

14.9 ± 2.3

14.9 ± 1.9

14.8 ± 1.8

750

22.5 ± 2.1

22.4 ± 3.5

22.4 ± 2.8

22.2 ± 2.8

1000

29.9 ± 2.8

29.8 ± 4.7

29.9 ± 3.8

29.6 ± 3.7

1250

37.4 ± 3.5

37.3 ± 5.9

37.4 ± 4.7

37.0 ± 4.6

1500

44.9 ± 4.2

44.7 ± 7.0

44.8 ± 5.7

44.4 ± 5.5

1800

53.9 ± 5.0

53.7 ± 8.4

53.8 ± 6.8

53.3 ± 6.6

*: Data represented as mean ± SD.
B.3 In vivo µCT scans, image registration, and bone structural analysis
In vivo micro-computed tomography (μCT) scans (Scanco vivaCT40, Scanco
Medical AG, Brüttisellen, Switzerland) at proximal tibiae and tibial midshafts were
acquired at the right (non-loaded) tibia prior to OVX surgery as the baseline (week 0),
and both right (non-loaded) and left (loaded) tibiae were subjected to in vivo μCT scans
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right before (week 6) and at two weeks after loading (week 8). Similar scanning and
registration protocol as illustrated in Chapter 3 was used in this current study. Briefly, the
sequential in vivo µCT scans at proximal tibia and tibial midshaft from both loaded and
non-loaded tibiae were acquired, aligned, and analyzed. Standard trabecular
microstructural parameters, including bone volume fraction (BV/TV), trabecular
thickness (Tb.Th), trabecular number (Tb.N), trabecular separation (Tb.Sp), connectivity
density (Conn.D), and structure model index (SMI) were calculated. Standard cortical
bone structural parameters, including polar moment of inertia (pMOI), cortical area
(Ct.Area), cortical thickness (Ct.Th), endosteal perimeter (E.Perim), and periosteal
perimeter (P.Perim) were measured. The percent changes in all trabecular and cortical
microstructural parameters between week 0 and week 2 were computed for both nonloaded and loaded tibiae except SMI. Instead, normalized SMI was calculated by
subtracting the SMI of week 0 from week 2 measurements for each tibia as SMI ranges
from -3 to 3. The loading-induced differences in percent changes in BV/TV, Tb.Th, as
well as all cortical structural parameters were calculated for each rat as: % changes in
loaded tibia - % changes in non-loaded tibia.
B.4 Dynamic histomorphometry on periosteal bone formation
Similar with Chapter 3, all rats in the current study were subjected to
subcutaneous injection with calcein at day 4 of loading (corresponding to 11 days before
euthanasia) and intraperitoneal injections of alizarin complexone at day 13 of loading (2
days prior to euthanasia). 0.5 mm thick transverse sections at tibial midshaft were imaged
and analyzed for dynamic bone histomorphometry, where standard parameters, including
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mineralizing surfaces (MS/BS), mineral apposition rate (MAR), and bone formation rate
(BFR/BS) at the periosteal surface was calculated [36]. The absolute differences in bone
formation parameters between loaded vs. non-loaded tibiae for each rat were calculated.
Moreover, the fold changes of bone formation parameters between loaded vs. non-loaded
tibiae for each rat ((Bone formation parameters in loaded tibia - non-loaded tibia)/ nonloaded tibia) were also calculated to further compare the group differences in loading
response. For samples with no double-labeled surface, the average value of MAR for the
cohort to which the sample belongs was assigned for its MAR and was used to calculate
BFR/BS [36].
B.5 H&E and TUNEL staining on osteocyte viabilities in the non-loaded tibia
Similar with the bone samples described in Chapter 3, ~15 mm long segments of
the right (non-loaded) distal tibiae starting from 2 mm proximal to the distal tibial-fibular
junction were harvested and embedded in paraffin. All histomorphometry measurements
in sections B.5-B.7 (n=6/group) were made within a 0.5-mm long region of both medial
and lateral tibial diaphysis located at 1 mm proximal to the distal tibial-fibular junction.
H&E staining was applied to 8 µm thick longitudinal paraffin sections, and the
lacunar density and the number of empty lacunae were quantified. To assess osteocyte
apoptosis, TUNEL assay (In Situ Cell Death Detection Kit, TMR red, Roche) was
applied. The de-paraffined sections were treated with proteinase K in Tris buffer, and the
broken DNA fragments were labeled by TUNEL reaction mixture that was freshly
prepared by mixing Enzyme solution (terminal deoxynucleotidyl transferase) and Label
solution (nucleotidemixture in reaction buffer), following by DAPI staining. The stained
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sections were imaged by Axio Scan.Z1 (ZEISS, Germany), and the percentage of
positively stained osteocytes was quantified by NIH ImageJ and a customized Python
code, where the periosteum and endosteum are excluded from analysis by hand drawing
and the total number of osteocytes (DAPI stained) and TUNEL positive osteocytes
(TUNEL and DAPI overlayed) were counted after applying Gaussian filtration and
universal thresholding on the same region of interest as H&E staining from its
consecutive sections.
B.6 Ploton silver staining on osteocyte lacunar-canalicular network in the nonloaded tibia
Similar method of Ploton silver staining described in Chapter 3 was applied in
this current study to evaluate alterations in lacunar-canalicular system (LCS) network.
LCS parameters, including lacunar area, lacunar perimeter, number of canaliculi
emanating from each lacuna, and number of canaliculi per lacunar surface were
measured.
B.7 Bone immunohistochemistry (IHC) on osteocyte PLR activities in the nonloaded tibia
Similar with Chapter 3, immunohistochemistry (IHC), including anti-MMP13 and
CtsK stainings, was conducted to assess the PLR enzyme activities, and the percentage of
positively stained lacunae was quantified.
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B.8 Backscattered scanning electron microscopy measurements on osteocyte
lacunar-canalicular structure
A total of 16 rats were used for this set of experiments. 8 rats (4 Lactation, 4
Virgin) underwent OVX surgery at age of 12 months, after 3 repeated cycles of
pregnancy, 3-week lactation, and 6-week post-weaning recovery in the Lactation group.
At 12 weeks post-OVX, all rats were euthanized. In addition, age-matched Virgin (n=4)
and Lactation (n=4) intact rats that did not undergo OVX surgery were used as an
estrogen-replete control group. For all rats, right proximal tibiae were harvested
immediately after euthanasia and embedded in MMA. A sagittal bone segment of the
tibial diaphysis was cut by low-speed diamond saw. The surface of the segment was
polished manually in a wet condition using 1 μm and 0.3 μm Aluminum Oxide lapping
discs until a final polish with a napless cloth with 0.06 µm no-crystallizing silica (SiO2)
suspension. The samples were then sonicated for 120s to remove residuals and coated
with carbon. Scanning electron microscope in backscatter mode (bSEM, Zeiss Supra
50VP) was applied to assess the structure of lacunae and canaliculi following a
modification of method described in [19, 20, 37]. Briefly, images of 1.5 mm-long
segment of both medial and lateral tibial diaphysis located 2 mm below the proximal
growth plate were acquired by bSEM at 15 kV accelerating voltage to measure the
structure of lacunae (12 mm working distance, magnification of 300X with a resolution
of 0.278 µm per pixel) and canaliculi (8 mm working distance, magnification of 5kX
with a resolution of 0.011 µm per pixel). A customized MATLAB program was used to
threshold the bSEM images. ~500 lacunae were imaged for each sample to derive lacunar
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structural parameters, including lacunar area, long and short axis, and lacunar number
density. ~400 canaliculi were randomly selected and imaged for each sample. Canaliculi
with long:short axis ratio over 2 were excluded, and canalicular area and canalicular
number density were derived from the remaining canaliculi.
B.9 Statistical analysis
All data are presented using boxplots, with median, interquartile range (25th to
75th percentile), and maximum and minimum values indicated, and all individual data
points shown. Student’s paired t-tests were applied to compare loading-induced changes
in the same animal, e.g. week 6 (pre-loading) vs. week 8 (post-loading), as well as left
(loaded) vs. right (non-loaded) tibiae; while two-way ANOVA with Bonferroni post hoc
corrections was used for multi-group comparisons in loading responses and osteocyterelated parameters. For all tests, p-values below 0.05 were considered statistically
significant, while p-values below 0.1 were considered as a trend of difference. All pvalues are presented in the figures.
C. Results
C.1 Alterations of trabecular and cortical bone structure at the non-loaded tibia in
Virgin and Lactation rats under different estrogen status
Skeletal changes in both trabecular and cortical bone compartments at the nonloaded tibia were tracked by in vivo micro-computed tomography (μCT) scans at 0, 6,
and 8 weeks post-OVX and the same timepoints for the Intact group. Standard trabecular
microstructural parameters, including bone volume fraction (BV/TV), trabecular
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thickness (Tb.Th), trabecular number (Tb.N), trabecular separation (Tb.Sp), connectivity
density (Conn.D), and structure model index (SMI), were made at the proximal tibia and
cortical structural parameters, including polar moment of inertia (pMOI), cortical area
(Ct.Area), cortical thickness (Ct.Th), endosteal perimeter (E.Perim), and periosteal
perimeter (P.Perim) were calculated at the tibial midshaft.
After 2 cycles of reproduction, the Lactation rats had 59% lower BV/TV, 59%
lower Tb.N, 190% higher Tb.Sp, and 85% lower Conn.D than age-matched Virgins
(Figure 4-3 A), but had 13% greater Tb.Th. In the Intact group, Virgin-Intact rats
underwent 2% reduction in BV/TV, a trend of 1% reduction in Tb.Th (p=0.053), and a
trend of increase by 0.05 in SMI (p=0.084) as a result of aging alone (Figure 4-3 B-G). In
contrast, the non-loaded tibiae in Lactation-Intact rats had no changes in BV/TV, but
underwent 0.4%, 4%, and 8% increase in Tb.Th, Tb.N, and Conn.D, respectively, an
absolute increase of 0.09 in SMI, and 5% reduction in Tb.Sp (Figure 4-3 B-G).
OVX surgery caused dramatic bone loss in Virgins and significantly attenuated
bone loss in Lactation rats (Figure 4-4). Over the 2-week period (week 6 to week 8 postOVX), Virgin-OVX rats underwent 25%, 16%, and 32% reductions in BV/TV, Tb.N, and
Conn.D, respectively, a 22% increase in Tb.Sp, and an increase of 1.02 in SMI, while no
statistical difference was detected in Tb.Th (Figure 4-3 B-G). In contrast, Lactation-OVX
rats experienced a relatively lower degree of trabecular deterioration over the two weeks,
where BV/TV, Tb.Th, and Tb.N dropped 15%, 3%, and 4%, respectively, and SMI was
elevated by 0.06 (Figure 4-3 B-G). Although significant differences in trabecular
microstructural parameters were observed between Virgin and Lactation rats prior to
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OVX, no significant difference was observed in BV/TV, Conn.D, and SMI between
Virgin-OVX and Lactation-OVX rats by 8 weeks post-OVX. However, Lactation rats
continued to have 35% lower Tb.N, 59% higher Tb.Sp, and 24% higher Tb.Th relative to
the Virgin-OVX rats 8 weeks post-OVX (Figure 4-4 A-F).
In contrast to the substantial changes in trabecular bone at the proximal tibia,
OVX-induced estrogen deficiency minimally affected tibial cortical bone structure
(Figure 4-4 G-L). Virgin rats underwent 1%, 1.4%, and 1.2% increases in Ct.Area, Ct.Th
and E.Perim, respectively due to aging alone, while no significant changes were detected
in the Lactation rats over the 2-week period (Figure 4-5 A-F). Similarly, for the OVX
group, Virgin rats had 2.4%, 1.2%, 0.9%, and 0.5% increase in pMOI, Ct.Area, Ct.Th,
and P.Perim respectively, while no significant alterations were observed in cortical
structural parameters in Lactation rats (Figure 4-5 A-F). No difference was found in any
cortical bone parameters of the non-loaded tibia among groups.
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Figure 4-3. (A) Representative 3D renderings of trabecular bone at the proximal tibia in
Virgin and Lactation rats under intact and OVX conditions. % changes in (B) BV/TV,
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(C) Tb.Th, (D) Tb.N, (E) Tb.Sp, and (F) Conn.D, as well as (G) change in SMI in loaded
and non-loaded tibiae in rats with different lactation and estrogen status. p<0.05: #
indicates significant changes over the 2-week time period (week 6 vs. week 8).

Figure 4-4: (A-F) Post-OVX changes in trabecular bone microstructure at proximal tibia
in virgin and lactation rats, including (A) BV/TV, (B) Tb.Th, (C) Tb.N, (D) Tb.Sp, (E)
Conn.D, and (F) SMI. (G-L) Post-OVX changes in cortical bone structural parameters at
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tibial midshaft in virgin and lactation rats, including (G) pMOI, (H) Ct.Area, and (I)
Ct.Th, (J) TMD, (K) E.Perim, and (L) P. Perim. #: significant difference between
reproductive and virgin rats at week 0 or week 8 post-OVX (p<0.05); *: significant
change over the 8-week post-OVX period (p<0.05).

Figure 4-5. % changes in (A) pMOI, (B) Ct.Area, (C) Ct.Th, (D) TMD, (E) E.Perim, (F)
P.Perim at tibial midshaft in loaded and non-loaded tibiae in rats with different lactation
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and estrogen status. Comparisons of loading-induced differences in % change between
loaded and non-loaded tibiae in (G) pMOI and (H) Ct.Area at tibial midshaft in rats with
different lactation and estrogen status. p<0.05: # indicates significant changes over the 2week time period (week 6 vs. week 8).

Figure 4-6. (A) Representative histology images of tibial midshaft. Comparisons of (B)
MS/BS, (C) MAR, and (D) BFR/BS at periosteal cortical bone of tibial midshaft between
loaded and non-loaded tibiae in rats with different lactation and estrogen status.
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Comparisons of loading-induced difference in periosteal (E) MS/BS, (F) MAR, and (G)
BFR/BS at tibial midshaft in rats with different lactation and estrogen status.
C.2 Loading responses in maternal trabecular bone microstructure at the proximal
tibia
To identify the loading responses of maternal bone, in vivo μCT scans were
conducted at both right (non-loaded) and left (loaded) proximal tibiae and tibial midshafts
right before (week 6) and at two weeks after loading (week 8). A weak woven cortical
response was detected in the loaded tibiae of one rat each in Virgin-Intact and LactationIntact groups. Therefore, we decided to remove these rats from all loading-related
analyses to avoid the skewing the results.
Two weeks of dynamic loading induced minimal trabecular bone responses in the
Intact groups (Figure 4-3). For Virgin-Intact rats, no loading response was observed in
trabecular bone except a trend of 1% greater increase in Tb.Th and a trend of 2%
decrease in Tb.Sp in the loaded vs. non-loaded tibiae (Figure 4-3 B-G). Similarly, for the
Lactation-Intact group, loading led to no changes in any trabecular microstructural
parameters. In contrast to Intact rats, loading significantly reduced the trabecular bone
deterioration in the OVX group, regardless of lactation history (Figure 4-3 B-G).
Although BV/TV declined in the loaded tibiae of the OVX rats, this bone loss was
significantly attenuated by 9% in Virgin-OVX rats and 5% in Lactation-OVX rats when
compared to the non-loaded tibiae (Figure 4-3 B). The loading process also led to 7%
increase in Tb.Th in Virgin-OVX rats, and completely abolished the OVX-induced Tb.Th
reduction in Lactation-OVX rats (Figure 4-3 C). Moreover, OVX-induced deterioration
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in Tb.N and Tb.Sp, was also significantly attenuated in Virgin-OVX rats, while only
minimal-loading induced changes were detected in those parameters in the LactationOVX rats (Figure 4-3 D&E). No significant loading effects were detected in Conn.D and
SMI (Figure 4-3 D&E). To further compare the extent of loading responses among
groups, the differences in percent change in BV/TV and Tb.Th between the loaded and
non-loaded tibia were calculated for each rat (Figure 4-3 H&I). Surprisingly, VirginOVX rats had higher loading responses in BV/TV than Virgin-Intact rats, while no
significant difference in the effect of loading on BV/TV was found between Virgin and
Lactation rats, regardless of estrogen status (Figure 4-3 H). Furthermore, OVX-induced
estrogen deficiency led to higher loading responses in Tb.Th in both Virgin and Lactation
rats when compared to the Intact groups, and a higher loading response in Tb.Th was
found in Virgin-OVX rats, relative to Lactation-OVX rats (Figure 4-3 I).
C.3 Loading responses in maternal cortical bone structure at the tibial midshaft
Significant loading responses were found in cortical bone structural parameters,
including pMOI and Ct.Area, in all groups of rats (Figure 4-5 A&B). 2 weeks of loading
elevated Ct.Area and pMOI by 4.8% and 2.7%, respectively, in Virgin-Intact rats, which
were significantly greater than the structural alterations in the non-loaded tibia, while no
significant difference were found in other cortical structural parameters (Figure 4-5 A-F).
Similar results were found in Lactation-Intact rats, where increases of 4.2% in pMOI,
2.4% in Ct.Area, and 0.9% in P.Perim were detected in the loaded tibia (Figure 4-5 A, B,
and F). When subjected to estrogen deficiency, the 2-week loading process further
enhanced the increases in pMOI and Ct.Area to 4.6% and 2.7%, and led to a trend of
115

1.7% increase in E.Perim in Virgin-OVX rats (Figure 4-5 A, B, and E). In contrast, for
Lactation-OVX rats, pMOI, Ct.Area, Ct.Th, and P.Perim increased by 4.9%, 2.6%, and
1.7% , and 1% in the loaded tibia, while no change was detected in the non-loaded tibia
(Figure 4-5 A&B, E&F). To further compare the extent of loading responses among
groups, the differences in percent change in pMOI and Ct.Area between the loaded and
non-loaded tibia were derived for each rat (Figure 4-5 G&H). A trend of higher degree of
loading response in pMOI was detected in Lactation rats than Virgins in post-OVX group
(Figure 4-5 G); however, no significant difference was found in the degree of loading
responses in Ct.Area among all groups (Figure 4-5 H).
C.4 Loading responses in cortical periosteal bone formation at the tibial midshaft
After two weeks of dynamic loading, tibial midshafts from both non-loaded and
loaded limb were harvested for dynamic histomorphometry analysis. Periosteal bone
formation parameters, including bone formation surface (MS/BS), mineral apposition rate
(MAR), and bone formation rate (BFR/BS), were significantly increased in the loaded
versus the non-loaded tibia in all groups, regardless of lactation history or estrogen status
(Figure 4-6 A-D). To further compare the extent of loading responses among groups, the
differences in percent change in bone formation parameters between the loaded and nonloaded tibia were calculated. No difference was detected between Virgin and Lactation
rats in the Intact group. In contrast, when subjected to estrogen deficiency, Lactation rats
had significantly greater loading-induced increase in MS/BS than Virgins. Moreover, a
trend towards greater percent change in MS/BS was found in Lactation-OVX rats than
Lactation-Intact rats, while no difference was observed in Virgin rats between Intact and
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OVX status (Figure 4-6 E). Similar results were found in loading-induced difference in
MAR (Figure 4-6 F), while no significant difference in loading responses in BFR/BS was
observed among groups (Figure 4-6 G).

Figure 4-7: Comparisons of loading-induced fold changes in periosteal (A) MS/BS, (B)
MAR, and (C) BFR/BS at tibial midshaft between virgin and lactation rats under intact
and OVX conditions. (D-I) Linear correlations between lacunar structure derived by
Ploton silver staining and loading-induced fold changes in bone formation parameters.
Furthermore, fold change in bone formation parameters between the loaded and
non-loaded tibia were also derived. Similarly, Lactation rats had significantly higher
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loading-induced fold change in all periosteal bone formation parameters than Virgins
when subjected to estrogen deficiency (Figure 4-7 A-C).
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Figure 4-8. Representative images of (A) H&E, (B) TUNEL, and (C) Ploton silver
staining. Comparisons of (D) lacunar density (derived from images with H&E staining),
(E) percent of empty lacunae, (F) non-empty lacunae density, (G) percent of TUNEL+
osteocytes, (H) lacunar area, (I) lacunar perimeter, (J) canalicular number per lacunar
surface, and (K) canalicular number per lacuna at the tibial cortex in rats with different
lactation and estrogen status.
C.4 Effects of lactation history on osteocyte LCS structure and PLR activities at the
non-loaded tibial shaft
No difference was detected in lacunar density in rats among all groups by H&E
staining in the non-loaded tibiae (Fig 4-8 A&D). OVX surgery led to 3% elevation in the
percentage of empty lacunae in Virgin rats, while no OVX-induced alteration in empty
lacunae was found in Lactation rats, and as a result, the percentage of empty lacunae was
6% lower in Lactation rats than Virgins post-OVX (Figure 4-8 E). Virgin-OVX rats had
17% lower non-empty lacunar density than Lactation-OVX rats (Figure 4-8 F). No
significant difference was observed between Virgin and Lactation rats in the Intact group
in either percentage of empty lacunae or non-empty lacunar density (Figure 4-8 E&F). To
further investigate the underlying reason, TUNEL staining was applied to detect the
apoptosis of osteocytes. Intriguingly, no significant difference was detected in the
number of TUNEL-positive lacunae among all rats, regardless of their reproductive
history or estrogen status (Figure 4-8 B&G).
No striking difference in the lacunar-canalicular network examined by Ploton
silver staining was observed among all groups by visual comparisons (Figure 4-8 C).
Quantitative comparisons indicated that Lactation rats had 17% greater lacunar area than
Virgins when subjected to OVX-induced estrogen deficiency (Figure 4-8 H). Similarly,
119

the lacunar perimeter was 8% greater in Lactation rats and Virgins post-OVX (Figure 4-8
I). In contrast, no difference in lacunar size was found between Virgin and Lactation rats
in the intact group (Figure 4-8 H&I). Regarding the number of canaliculi, no significant
difference was detected in the number of canaliculi per lacunar surface among all rats,
regardless of their reproductive history or estrogen status (Figure 4-8 J). Intriguingly, the
number of canaliculi emanating from one lacuna was 14% greater in post-OVX Lactation
rats than Virgins, while no difference was found between Lactation and Virgin rats in the
Intact group (Figure 4-8 K). Furthermore, linear regression analysis was conducted
between Ploton-silver-staining derived lacunar size and loading-induced changes in
periosteal bone formation parameters to investigate the potential corresponding
relationship. Although no correlation was found between lacunar size and loadinginduced absolute difference in bone formation parameters (data not shown), lacunar
perimeter was significantly correlated with the loading-induced fold change in MS/BS,
MAR, and BFR (Figure 4-7 D-F). Similarly, significant correlation was detected between
lacunar area and loading-induced fold change in MS/BS and BFR (Figure 4-7 D-F).
Backscattered SEM (bSEM) imaging was further utilized to assess osteocyte
lacunar-canalicular structure on rat tibial cortices (Figure 4-9 A). Our results showed
11% greater lacunar area in Lactation rats than Virgins post-OVX, while a trend of
difference (p=0.097) was found in lacunar area between Virgin and Lactation rats in
intact group (Figure 4-9 B). We further assessed the shape of lacunae and found that the
Lactation rats had 18% greater major axis and 8% lower minor axis than Virgins in the
Intact group. In contrast, for the post-OVX group, the lactation rats had 19% greater
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major axis, but only a trend of 4.5% reduction in minor axis was observed between virgin
and lactation rats post-OVX (Figure 4-9 C&D). Moreover, the canalicular area in the
post-OVX group was 33% greater in lactation rats than virgins, while no difference was
detected between virgin and reproductive rats in the intact group (Fig 4-9 F). The
densities of lacunae and canaliculi were not affected by the history of reproduction or the
estrogen status (Fig 4-9 E&G).
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Figure 4-9. (A) Representative bSEM images of lacunar-canalicular system.
Comparisons of (B) lacunar area, (C) lacunar major axis length, (D) lacunar minor axis
length, (E) lacunar density, (F) canalicular area, and (G) canalicular density at the tibial
cortex in rats with different lactation and estrogen status.
Significantly enhanced PLR enzymatic activities were observed in Lactation rats
is response to OVX-induced estrogen deficiency. The percentage of osteocytes that
stained positive for MMP13 (Figure 4-10 A&B) and CtsK (Figure 4-10 C&D) in
Lactation-OVX rats were 11% and 15% elevated, respectively, as compared to VirginOVX rats, while no difference was found in PLR enzyme activities between Virgin and
Lactation rats in the Intact group. Moreover, the OVX surgery increased the percentage
of MMP13- and CtsK-positive osteocytes by 10% and 18%, respectively, in Lactation
rats, while no OVX-induced difference was observed in Virgin rats (Figure 4-10).

Figure 4-10. Representative images of (A) MMP13 and (C) CtsK immunostaining.
Comparisons of (B) percent MMP13-postive and (D) percent CtsK-postive osteocytes at
the tibial cortex in rats with different lactation and estrogen status.
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D. Discussion
The current study was the first attempt to determine the long-term effects of
reproduction and lactation history on bone structural adaptation to dynamic loading. By
utilizing an in vivo dynamic tibial loading protocol with 1,500 με at tibial midshaft to
mimic jogging or running in women, we demonstrated that external mechanical loading
attenuated the estrogen-deficiency-induced trabecular bone loss and improved cortical
bone structure in all group of rats, regardless of lactation history or estrogen status,
implying a beneficial effect of weight-bearing exercise on postmenopausal bone health.
Furthermore, greater loading-induced periosteal bone formation was observed in rats with
a lactation history compared to age-matched virgins when subjected to estrogen
deficiency, suggesting that maternal bone with a prior history of reproduction and
lactation exhibits a greater mechano-responsiveness when subjected to estrogen
deficiency later in life.
Using longitudinal μCT imaging, we tracked structural changes in both trabecular
and cortical bone compartments within a constant volume of interest of the non-loaded
tibia in both virgin and lactation rats over the 8-week post-OVX period. Prior to OVX,
lactation rats had undergone substantial alterations in trabecular microarchitecture at the
proximal tibia, with reduced bone mass but increased Tb.Th compared to virgins, while
minimal differences were found in cortical bone structure at tibial midshaft between
lactation and virgins, which aligns with multiple previous investigations [27, 28, 38-42].
When subjected to estrogen deficiency induced by OVX surgery, the extent of trabecular
bone loss at the proximal tibia was significantly lower in rats with lactation history than
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age-matched virgins, and thus both groups of rats had a similar trabecular microstructure
at 8 weeks post-OVX. These findings are highly consistent with previously published
studies [34], and may help to explain the clinical paradox that reproductive history does
not adversely affect postmenopausal BMD [33] despite its long-lasting skeletal effects
[38, 40, 42]. In contrast to trabecular bone, both lactation and virgin rats showed no postOVX changes in cortical bone structure at the tibial midshaft, which is similar to what
has been reported in rat femoral midshaft [43]. OVX-induced alterations in the cortical
compartment occur more slowly than the trabecular compartment in rats [34, 43, 44], and
thus a time period of 8 weeks post-OVX is insufficient to detect possible cortical bone
changes in response to estrogen deficiency.
It has been suggested that the physical exercise is beneficial for osteoporosis
prevention and treatment. A review of 43 randomized controlled trials found that exercise
would lead to a relatively small but statistically significant and possibly important effect
on bone density, resulting in a potential reduction in post-menopausal fracture risk [8]. A
more recent review paper further suggests that weight-bearing exercise needs to reach a
specific level of mechanical intensity to effectively induce osteogenesis in osteoporotic
patients [7]. Although several physical exercise recommendations for osteoporosis
patients have been proposed, the clinical reviews are inconclusive due to the variability in
study methodology, voluntary exercise intensity, and population characteristics. In the
current study, a well-controlled peak load within a physiological range that could induce
robust loading responses (corresponding to ~1,500 με at the lateral mid-shaft surface)
was applied to rat tibiae in all groups of rats for 2 weeks to mimic jogging or running in
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women [45, 46]. All estrogen-deficient rats showed significant loading responses in the
trabecular compartment, regardless of the lactation history, indicating a loading-induced
attenuation in post-OVX trabecular bone loss, most notably through trabecular
thickening, which aligns with previous studies in rats and mice [11, 15, 47, 48].
Intriguingly, in contrast to the substantial loading-induced trabecular microstructural
improvements in the OVX rats, minimal loading responses were observed in both virgin
and lactation rats in the intact group, implying a higher loading response in estrogendeplete rats compared with estrogen-replete rats. However, contrary to our findings,
several studies were not able to detect significant differences in loading responses at the
trabecular bone compartment between OVX animals and Sham controls [16, 49, 50]. It
has been suggested that the longitudinal design is much more powerful to detect subtle
differences in trabecular microstructure when comparing with a cross-sectional design,
which may, in part, explain the differences between our current data and previous results.
Moreover, very few studies assessed the small loading-induced changes in trabecular
bone compartment due to the technical limitation by current available methods. Despite
of the confusing data regarding the loading-induced changes at the trabecular bone
compartment, one study explored the loading-mediated solute transport around osteocytes
in OVX rats, and found that estrogen deficiency enhances interstitial fluid flow through
the lacunar-canalicular porosity surrounding osteocytes in the trabecular bone at proximal
tibia [51], possibly, in part, explaining our current data. Although the compressive
loading protocol was applied from 6 weeks post-OVX to avoid the rapid bone loss phase,
the maternal trabecular bone still underwent significant deteriorations following OVX
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surgery, which raises the difficulty to adjust the load magnitude to achieve consistent
micro strains over the 2-week loading period, and thus potentially contributes to the
differential loading difference between OVX and Intact animals.
In contrast to the trabecular loading responses, 2 weeks of dynamic loading led to
an elevation in both cortical bone structure and periosteal bone formation at the tibial
midshaft in all groups of rats, suggesting a positive effect of weight-bearing exercise
within a physiological range on bone health, regardless of lactation history or estrogen
status. Consistent with previous studies in rodent models with compressive loading, 4point-bending mechanical stimuli, or jump training [12-14, 16], our data also
demonstrated a similar cortical response to mechanical stimuli in virgin rats between
intact and OVX groups. Intriguingly, the loading-induced elevation in bone formation
parameters at the periosteal cortex of the tibial midshaft was higher in lactation rats than
virgins when subjected to estrogen deficiency, while no difference was detected between
virgin and lactation rats under estrogen-replete condition, indicating a greater mechanoresponsiveness at the cortical compartment in rats with lactation history in response to
estrogen deficiency. Indeed, a previous ex vivo ulnar-loading investigation in mice [52] as
well as our in vivo loading data in Chapter 3 suggest that the maternal bone during
lactation experiences a higher cortical mechano-responsiveness compared to age-matched
virgins, and this lactation-associated compensatory skeletal adaption may condition the
maternal bone to better maintain the skeletal mechanical integrity against estrogen
deficiency later in life. Taken together, the attenuated OVX-induced trabecular bone loss
and elevated cortical bone structure in both virgin and lactation rats suggest beneficial
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effects of physical exercise on maternal bone health post-menopause, and particularly,
the enhanced mechano-responsiveness of cortical bone in rats with lactation history
further emphasizes the protective effects of reproduction and lactation against estrogen
deficiency.
Consistent with previous investigations [53-56], our data showed minimal
alterations in osteocytic PLR enzyme activities as well as lacunar structure in response to
estrogen deficiency in virgin rats at the tibial shaft. In contrast, in rats with reproduction
history, osteocytic PLR activities were drastically enhanced in estrogen-deficient rats
when compared to estrogen-replete rats. Multiple previous studies found that lactation
increased osteocytic PLR enzyme activities, resulting in increased lacunar and canalicular
dimension; however, these changes were reversed after weaning [19-23, 57]. Our study
was the first to report that history of reproduction and lactation affect the octeocytic PLR
activities in response to estrogen deficiency later in life. We speculate that the drastic
changes in hormonal levels induced by reproductive history may condition the osteocytes
to develop adaptive responses by activating PLR activities against any striking hormonal
changes later in life, such as the estrogen deficiency. The osteocytes that have
experienced multiple reproduction and lactation cycles may actively regulate their LCS
network and directly modulate the peri-lacunar/canalicular matrix, leading to enlarged
lacunae and canaliculi when subjected to estrogen deficiency. Moreover, history of
reproduction and lactation led to an elongated lacunar shape. Previous studies reported
that the lacunar morphologies are variable between different bone regions, where the
lacunae in lamellar bone are typically more elongated, while the lacunae in calvaria are
127

more spherical or oblate [58]. One possible explanation is that the variable lacunar shapes
result from differential mechanical loading patterns, as physiological loading is more
unidirectional in long bones but more bidirectional in calvariae [59]. Indeed, previous
publications have suggested that lactation history leads to an increase in the proportion of
the total load carried by the cortical bone relative to virgins [25, 60], which may
contribute to further adjusting the lacunar shape to the habitual loading orientation and
thus lead to an elongated shape in lactation rats. Our results also indicated an OVXinduced increase in the percentage of empty lacunae in virgin rats, while no difference
was observed in lactation rats, which may indicate a reduction in viable osteocytes in
virgins but not lactation rats when subjected to estrogen deficiency. However, no
significant OVX-induced alteration in osteocyte apoptosis was detected by TUNEL
staining in either virgin or lactation rats. Although it is well-accepted that estrogen
deficiency leads to increased osteocyte apoptosis [61], several previous rodent studies
have demonstrated that the OVX-induced elevation in osteocyte apoptosis starts to
diminish from 3 weeks post-OVX [54, 62], which explains the similar level of osteocyte
apoptosis between intact and 8-week post-OVX virgin rats in the current study. Our
finding of increased number of empty lacunae may result from accumulation of osteocyte
apoptosis, and the higher number of viable osteocytes in lactation rats post-OVX may
better contribute to osteocyte mechano-sensing, suggesting a positive effect of
reproduction and lactation history against estrogen deficiency later in life.
As discussed in Chapter 3, multiple studies have suggested that the osteocyte LCS
structure plays a critical role in osteocyte mechano-transduction [17, 18], and our
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working hypothesis is that the enlarged LCS dimension and altered PCM structure due to
the active PLR in post-OVX lactation bone may change the osteocyte microenvironment,
resulting in elevated osteocyte mechanosensing and contributing to the elevation of
anabolic response to external mechanical loading. Indeed, significant positive correlation
between lacunar dimension and loading-induced bone formation parameters were found
in our current study. Consistent with our working hypothesis, the lactation-induced
enlarged osteocyte lacunae and altered osteocyte microenvironment have been suggested
to be associated with the enhanced bone mechano-responsiveness during the lactation
stage as showed in Chapter 3 [26, 52]. Moreover, as discussed in Chapter 3, the smaller
and rounder osteocyte lacunae and the reduced PCM density in aging mice [63, 64] may
be associated with the aging-induced reduction in bone mechano-responsiveness [65, 66].
To better elucidate the underlying mechanism of fluid-flow mediated osteocyte
mechanosensing in lactation rats in response to estrogen deficiency, further
measurements on osteocyte LCS ultrastructure, pericellular space, and PCM fiber density
are warranted to directly establish the corresponding relationship between LCS structure
and fluid-flow regulated osteocytic mechanical signals when subjected to external
loading.
Our study has some limitations. Similar to the limitations discussed in Chapter 3,
the effects of external loading stimuli on osteocyte PLR activities and LCS structure were
not assessed. Moreover, the machano-sensitivity of maternal bone cannot be compared in
the rat model and a mouse model with a larger range of strains of 1,200-2,000 με at tibial
shaft is warranted to be further explored [35].
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Despite these shortcomings, the current study comprehensively demonstrated the
long-term effects of reproduction and lactation history on maternal bone mechanoresponsiveness and osteocyte microenvironment in rats under different estrogen
conditions. By applying an in vivo dynamic loading protocol within physiological range,
we demonstrated that external loading attenuated OVX-induced trabecular bone loss and
enhanced cortical bone structure in both virgin and lactation rats. Particularly, when
subjected to estrogen deficiency, maternal bone with a history of lactation experienced
greater responses to mechanical stimuli at the tibial midshaft than virgins, indicating an
enhanced mechano-responsiveness in post-OVX lactation rats. Osteocyte PLR activities
were significantly elevated in lactation rats when subjected to estrogen deficiency,
leading to enlarged lacunar-canalicular structure, which results in enhanced interstitial
fluid flow stimulation and increased signaling molecule transport flux on osteocyte and
cell processes, and thus likely elevates the corresponding mechano-responsiveness.
Taken together, these findings that the history of reproduction and lactation may prime
the microenvironment of osteocytes, leading to elevated mechano-sensitivity to protect
maternal skeleton against estrogen deficiency, which may partially explain the paradox
that lactation history does not adversely affect postmenopausal bone fracture risk despite
of the long-lasting alterations of maternal skeleton. This investigation emphasizes the
importance of weight-bearing exercise on maternal bone health post-menopause,
providing critical insight into osteoporosis prevention and treatment for postmenopausal
women based on their reproduction histories.
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CHAPTER 5: EFFECTS OF REPRODUCTION AND LACTATION ON POTENTIALS
OF BONE MARROW MESENCHYMAL STEM CELLS IN MATERNAL RATS
A. Introduction
Pregnancy and lactation are challenging stages for mothers as the fetal/infant
growth exerts remarkable pressure on maternal calcium homeostasis and energy
metabolism, resulting in substantial bone loss and elevated metabolic demands [1]. As
one of the major sources of calcium, the maternal skeleton with rapid bone loss during
lactation is well documented in humans and rodents [1], which has been discussed in
detail in Chapter 1 and Chapter 3. It has been characterized that the maternal bone
undergoes a lactation-associated elevation in bone turnover rate, where the osteoclastassociated increase in bone resorption outpaces the enhanced osteoblast-regulated bone
formation in both human and rodent studies [1]. Following weaning, the bone mass
undergoes a rapid recovery. It has been shown that the osteoclast apoptosis would occur
within 24-48 hours after weaning [10, 11], which is accompanied by an increase in
osteoblastic bone formation, as measured through dynamic histomorphometry in rodents
[12, 13], resulting in a rapid accrual of bone.
As showed in Chapter 4, reproduction and lactation lead to long-lasting alterations
in bone structure, which is also illustrated by recent clinical studies by high resolution
peripheral quantitative computed tomography (HR-pQCT) [14, 15] and several rodent
studies [12, 16-18]. In contrast, multiple epidemiological studies have shown that the
history of pregnancy and/or lactation induces no adverse, or even a protective effect on
postmenopausal risk of osteoporosis/fracture [1], and thereby forming a paradox. It is
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possible that the repeated cycles of reproduction and lactation may lead to functional
adaptation of maternal skeleton when subjected to estrogen deficiency post-menopause,
which may be regulated through corresponding cellular activities.
Bone marrow mesenchymal stem cells (BMMSCs) are pluripotent,
nonhematopoietic, self-renewable cells that capable of differentiating into different cell
lineages of several mesenchymal tissues, including bone and fat, and thus playing an
important role in maintaining bone homeostasis [19]. As the most important progenitor
cells of osteoblasts and adipocytes, BMMSCs are capable of managing their cell-fate
determination and differentiation commitment in response to the bone marrow
microenvironment [20]. It has been suggested that the activities of both osteoblasts and
bone marrow adipocytes (BMAs) experience significant alterations during the
reproductive cycle, where the number of active osteoblasts are increased during lactation
and maintained elevated post-weaning [12, 13], while the number of marrow adipocytes
decreases during lactation [16, 21]. However, as their progenitor cells, the potential
changes in BMMSC activities during a reproductive cycle still remain unknown.
Therefore, the first objective of this study was to investigate the immediate effects of
reproduction and lactation on BMMSC activities. Based on the dramatic changes in
osteoblasts and adipocytes during lactation, we hypothesize that lactation may alter the
proliferation and differentiation potentials of BMMSCs.
As one of the critical hormones that undergoes significant elevation during
pregnancy and dramatic reduction during lactation, estrogen has been shown to play an
important role in regulating BMMSCs. It has been suggested that the postmenopausal
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estrogen-deficiency-induced bone loss may be attributed to the poor osteogenic
differentiation capacity and promoted adipogenic differentiation ability of BMMSCs [2225]. Although it has been suggested that estrogen deficiency is partially responsible for
the dysregulation of osteo-adipogenic balance, how the reproductive history affect
BMMSC activities post-menopause still remains unclear. Therefore, the second objective
of this study was to investigate the interactive effects induced by lactation history and
estrogen status on bone marrow mesenchymal progenitors. We hypothesize that lactation
history may alter the differentiation capacity of BMMSCs in response to estrogen
deficiency.
B. Methods
B.1 Animal protocol
All animal experiments in the current study were approved by the University of
Pennsylvania’s Institutional Animal Care and Use Committee. Two age groups of female
Sprague Dawley rats were utilized for all experiments in the current study: 7-month-old
rats and 14-month-old rats.
For the 7-month-old rats, female rats were assigned to three groups (n=5/group):
Virgin, Lactation, and Post-Weaning. Lactation rats underwent pregnancy followed by 14
days of lactation before euthanasia, while Post-Weaning rats underwent pregnancy, 21
days of lactation, and 14 days of post-weaning recovery before euthanasia. Different
timing of mating was chosen for each group so that all rats were euthanized at age of 7
months.
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For the 14-month-old rats, female rats were assigned to four groups: VirginIntact, Reproductive-Intact, Virgin-OVX, and Reproductive-OVX. Reproductive rats
underwent two to three reproductive cycles consisting of pregnancy, 3-week lactation and
6-week post-weaning recovery. Rats in OVX groups underwent bilateral ovariectomy
surgery (OVX) at age of 10-13 months to simulate postmenopausal estrogen deficiency,
and rats were euthanized at either 4 weeks post-OVX to assess cell activities by statistic
histomorphometry (n=6-9/group), or 8 weeks post-OVX to investigate the proliferation
and differentiation capacities of bone marrow mesenchymal stem cells (BMMSCs,
n=4/group). All groups of rats were euthanized at the age of 12-14 months.
High-calcium diet (LabDiet 5001 Rodent Diet; 0.95% Ca) were guaranteed in all
rats for sufficient dietary calcium content, and all litters were normalized to 9 pups per
mother within 24 hours of birth to ensure consistent milk take. Throughout the
experiment, all rats were housed in standard conditions of three rats per cage, except 2
conditions: rats in the reproductive groups were separated to one rat per cage during the
last week of pregnancy and throughout the lactation period; all rats with OVX surgery
were housed individually for 10 days after the surgery.
B.2 Evaluation of osteoblast and BMA activities by static histomorphometry
Right proximal tibiae were harvested immediately after euthanasia, embedded in
methyl methacrylate (MMA), and then cut into 6 µm thick longitudinal sections by
Polycut-S motorized microtome (Reichert, Heidelberg, Germany) for un-decalcified
static histomorphometry. Goldner's trichrome staining was applied to the sections, and
MSC-derived cell activities, including osteoblast number (Ob.N/BS), osteoblast surface
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(Ob.S/BS), and bone marrow adipocyte number (Adi.N/BM.Ar), were measured in the
secondary spongiosa using OsteoMeasure Software (OsteoMetrics, Inc., Decatur, GA).
B.3 In vitro cell culture
BMMSCs were isolated from humeri of rats and subsequently cultured in vitro.
Briefly, both humeri of rats were harvested immediately after euthanasia under a sterile
tissue culture hood with surrounding soft tissue removed. Both ends of the humerus were
cut open, and the central bone marrow cells were flushed out by αMEM supplemented
with 1% fetal bovine serum (FBS, AtlantaBio, Inc., GA), 100 IU/mL penicillin, and 100
μg/mL streptomycin. After centrifuge, the cell pellet was resuspended in growth medium
(αMEM supplemented with 15% FBS, 100 IU/mL penicillin, and 100 μg/mL
streptomycin) and then passed through a cell strainer to remove debris. After another time
of centrifuge and resuspension, the cells were counted in 3% acetic acid with methylene
blue to lyse the red blood cells, and then seeded in tissue culture plates with growth
medium for future use.
For fibroblast colony-forming units (CFU-F) assay, 3 ✕ 106 mononuclear bone
marrow cells were seeded in 25 cm2 flask in the growth medium and incubated for 10
days. The colonies were stained with 3% crystal violet in methanol and the number of
CFU-F colonies with more than 50 cells were counted microscope.
To investigate the cell viability of BMMSCs, MTT assay was applied to track the
proliferation of BMMSCs as described in [26]. Briefly, BMMSCs were seeded into 96well cell culture plates with a concentration of 3,000 cells/well, and then MTT working
solution (5 mg/mL in cell culture medium) was added to each well and incubated at 37
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°C for 4 hours. After the incubation, the MTT working solution was removed, and
the precipitation was subsequently dissolved in a solution of dimethylsulfoxide and
isopropanol for 10 mins. Absorbance of the converted dye was measured at a wavelength
of 560 nm with background subtraction at 650 nm by using microplate reader. Triplicates
were applied for each sample, and the rate of cell proliferation was assessed.
Moreover, the capacity of rat BMMSCs in adipogenic differentiation was
assessed. Similarly, rat BMMSCs (passage 2) were seeded into 6-well cell culture plates
with an initial concentration of 1 ✕ 105 cells/well. Once reaching a confluency of 70%,
the cells were cultured in adipogenic medium (DMEM containing 10% FBS, 0.5 mM
isobuthylmethylxanthine, 10 mM indomethacin, 1 μM dexamethasone, and 10 μg/mL
insulin). After 7 days of adipogenic induction, Oil Red O staining was performed to stain
the lipids. Briefly, the cells were washed with PBS and fixed in 4% PFA, and then were
subjected to 2% Oil red O staining solution. Images were taken by invert microscope and
the area of mineralized nodules were quantified.
B.4 Statistical analysis
All results are reported as mean ± standard deviation with individual data points.
One-way ANOVA with Bonferroni corrections was used to compare parameters in 7month-old rats with different reproductive status, while two-way ANOVA with
Bonferroni corrections was used to compare the interactive effects of reproduction and
OVX status in 14-month-old rats. For all tests, p-values below 0.05 were considered
statistically significant, while p-values below 0.1 were considered as a trend of difference
with specific p-value provided.
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C. Results
C.1 Immediate effects of reproduction and lactation on osteoblasts and BMAs
Static histomorphometry at the proximal tibia indicated dramatic changes in
osteoblasts and BMAs at different reproductive stages (Figure 5-1). In the 7-month-old
rat cohort, the Lactation rats showed 99% and 112% greater Ob.N/BS and Ob.S/BS when
compared to the age-matched Virgins, and the Post-weaning rats continued to have
significant higher Ob.N/BS and Ob.S/BS than Virgins. Intriguingly, although no
significant difference was detected in Adi.N/BM.Ar between Lactation and Virgin rats, a
general pattern of 89% decrease was showed during lactation. In contrast, Adi.N/BM.Ar
was 2.8-fold greater in Post-weaning rats when compared to Virgins.

Figure 5-1. (A-B) Representative images of Goldner’s trichrome staining (yellow
triangle indicates osteoblasts; yellow arrow indicates BMAs). Comparisons in (C)
osteoblast number, (D) osteoblast surface, and (E) adipocyte number in rats with different
reproduction status. *: p<0.05.
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C.2 Immediate effects of reproduction and lactation on BMMSCs
No difference in BMMSC CFU-Fs was found among all groups by in vitro cell
culture study (Figure 5-2 B). Moreover, the rate of BMMSC proliferation showed no
difference over 4 days at different reproductive stages (Figure 5-2 C). However,
intriguingly, the % area of lipid droplets from adipogenesis was 8.5-fold and 6.4-fold
greater in Lactation rats than in Virgin and Post-weaning rats, respectively (Figure 5-2
AD).

Figure 5-2. (A) Representative images of BMMSC adipogenic oil red O staining (white
arrow indicates BMAs). Comparisons in (B) BMMSC CFU-F, (C) BMMSC cell
proliferation fold changes, and (D) percent lipid droplet area in rats with different
reproduction status. *: p<0.05.
C.3 Long-term effects of reproduction and lactation on osteoblasts and BMAs
In the 14-month-old rat cohort, static bone histomorphometry demonstrated that
both Ob.N/BS and Ob.S/BS were not affected by reproductive history in either intact or
OVX rats. However, Ob.N/BS and Ob.S/BS were 32% and 37% greater in the VirginOVX than Virgin-Intact group, respectively (Figure 5-3). Strikingly, the repeated
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reproductive cycles resulted in 8.3-fold greater Adi.N/BM.Ar in Reproductive-Intact than
Virgin-Intact rats. Surprisingly, OVX induced a 62% reduction in Adi.N/BM.Ar in
Reproductive rats while no significant change was detected in Virgins (2.6-fold elevation,
p=0.2, Figure 5-3).

Figure 5-3. (A-B) Representative images of Goldner’s trichrome staining (yellow
triangle indicates osteoblasts; yellow arrow indicates BMAs). Comparisons between
virgin and lactation rats under intact and OVX conditions in (C) osteoblast number, (D)
osteoblast surface, and (E) adipocyte number in rats with different reproduction status. *:
p<0.05.
C.4 Long-term effects of reproduction and lactation on BMMSCs
Regardless of reproductive history, more CFU-Fs were found in OVX than Intact
rats; however, CFU-Fs were unaffected by reproduction history (Figure 5-4 B). BMMSC
in vitro proliferation was not affected by either reproductive history or estrogen status
(Fig 5-4 C). Furthermore, in Virgin rats, the % area of lipid droplets was 3.6-fold greater
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in OVX than the Intact group, while no difference was detected in Reproductive rats. As
a result, Reproductive rats had 92% lower lipid area than Virgins post-OVX (Figure 5-4
AD).

Figure 5-4. (A) Representative images of BMMSC adipogenic oil red O staining (white
arrow indicates BMAs). Comparisons between virgin and lactation rats under intact and
OVX conditions in (B) BMMSC CFU-F, (C) BMMSC cell proliferation fold changes,
and (D) percent lipid droplet area in rats with different reproduction status. *: p<0.05.
D. Discussion
This study investigated both immediate and long-term effects of reproduction and
lactation on the proliferation and differentiation potential of BMMSCs in rats. Overall,
our in vitro cell culture study in rats with different reproductive stages indicated that
BMMSCs were more inclined to undergo adipogenesis during lactation, which may
contribute to the BMA accumulation post-weaning. Moreover, the repeated cycles of
reproduction and lactation lead to further accumulations of adipocytes in the bone
marrow; however, the combined effects of lactation history and estrogen deficiency may
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alter the bone marrow environment against adipogenesis, which may partially account for
the reduction in BMAs in reproductive rats when subjected to estrogen deficiency.
Through static histomorphometry, our findings indicate elevated osteoblast
activities during both lactation and post-weaning periods. While post-weaning elevations
in osteoblast numbers are expected, aligning with the corresponding bone gain during the
post-weaning recovery phase, the elevated osteoblast number and surface during lactation
does not directly correlate with the lactation-associated net bone loss. Consistent with our
current data, previous studies measuring serum osteocalcin in mice also reported similar
trends, suggesting an elevated coupled bone remodeling based on osteoblast-regulated
bone formation and osteoclast-mediated resorption [16]. In addition to this coupling
effect, the elevated osteoblast numbers observed by week 2 of lactation may also indicate
a preparation for the subsequent anabolic period post-weaning. Indeed, previous
investigations found moderate elevations in bone formation rates prior to weaning and
further elevations in osteoblast proliferation rate immediately after weaning [12, 27]. As
lactation and weaning are natural processes to which the skeletal physiology has been
highly adapted, it is feasible that rates of osteoblast proliferation and osteoblast cell
numbers may already begin to increase prior to weaning, in order to have a better
preparation for the upcoming anabolic period.
In addition to osteoblast activities, BMAs also undergo substantial alterations
during one reproductive cycle. Aligning with previous investigations on bone marrow
adipose tissue that assessed by static histomorphometry in rats and osmium staining in
mice [16, 21], our data showed a reduction in BMA number during lactation, indicating
the lipid-laden BMAs may be highly responsive to the increased skeletal remodeling and
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metabolic demands during lactation by losing their lipids to provide energy locally and
systemically [28]. In contrast, the current study further found that the number of BMAs
were substantially increased post-weaning, even surpassing Virgins. Interestingly, the
disappearance of adipocytes during lactation and subsequent elevation of adipocytes postweaning has also been observed in the mammary gland of mice [29, 30]; however, the
underlying mechanism whether the mammary adipocytes undergoing de- and redifferentiation or undergoing lipolysis and hypertrophy during the reproductive cycle is
under debating and remains to be investigated.
To better understand the mechanisms behind the dramatic changes of osteoblasts
and BMAs during lactation and post-weaning recovery, in vitro cell culture of BMMSCs,
the progenitor cells of osteoblasts and adipocytes, was conducted to evaluate the
corresponding proliferation and differentiation potentials. No significant difference was
found in CFU-Fs and proliferation rate of BMMSCs among groups, indicating a similar
mesenchymal progenitor density as well as proliferation potential at different stages of
one reproductive cycle. Intriguingly, the current study indicated that BMMSCs from
Lactation rats were more inclined to adipogenesis, which may contribute to the adipocyte
accumulation post-weaning, while the adipogenic ability returned to basal levels at 2
weeks post-weaning.
In addition to the immediate effects of reproduction and lactation, our current
study further investigated the long-term effects of reproduction and lactation on
bone/bone marrow cell activities when subjected to different estrogen conditions.
Compared to intact animals, post-OVX rats showed elevations in osteoblast numbers
and/or surface area, which agrees with previous findings in postmenopausal women,
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where a net bone resorption occurs in the presence of elevated rates of both resorption
and formation [31]. However, no reproductive history-based differences in bone cell
numbers and surface were observed in either the intact or post-OVX groups, suggesting
that an alternate mechanism, beyond differences in osteoblast/osteoclast numbers or
surfaces, may be responsible for the disparate patterns of post-OVX bone loss observed
in virgin and reproductive rats.
Intriguingly, our data further indicated that the cycles of reproduction and
lactation induced an accumulation of BMAs, resulting in significantly greater BMAs in
rats with repeated reproductive histories than age-matched virgins at estrogen-replete
status, which is a continuation of the elevated BMAs at 2 weeks post-weaning. When
subjected to estrogen deficiency, the virgin rats showed elevations in BMA number when
compared to the intact group, which aligns with previous findings in postmenopausal
women and OVX rodents [32-34]. In contrast to the increased BMAs post-OVX in
virgins, surprisingly, rats with reproductive histories showed marked reduction in BMAs
in response to OVX surgery. Our date suggest that prior experiences of reproduction and
lactation may have a further impact on BMAs when subjected to estrogen deficiency,
which may potentially be regulated by BMMSCs.
Indeed, our in vitro cell culture data indicate that the mesenchymal progenitors
that experienced multiple cycles of reproduction exhibit less adipogenic capacity than
virgins regardless of estrogen status, which may be account for the distinct alterations in
BMAs between rats with and without a reproductive history. It has been suggested that
the post-menopausal bone loss may be attributed to the reduction in osteogenic
differentiation ability and the elevation in adipogenic differentiation ability of BMMSCs
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[22-25], which agrees with our current findings in virgins with larger lipid droplet areas
by Oil Red O staining. In the pathogenesis of postmenopausal osteoporosis, the postOVX BMMSCs in virgins exhibited intrinsic functional alterations in the altered
microenvironment, leading to poor osteogenic capability and increased adipogenesis,
resulting in the dysregulation of bone remodeling. In contrast, the ability of BMMSC
adipogenesis was not enhanced by estrogen deficiency in rats with reproductive history,
and as a result, the combined effects of lactation history and estrogen deficiency may
alter the bone marrow environment against adipogenesis, which may induce beneficial
effect on bone mass maintenance post-OVX.
Our study is not without limitation. The experimental protocols for BMMSC
osteogenesis are still under development and no corresponding data were included in this
study so far. The BMMSCs isolated from various species may function differently in the
osteogenic medium. In our study, the proliferation rate of rat BMMSCs did not slow
down after the osteogenic induction, leading to cell detachments before the formation of
bone nodules. Therefore, the real-time PCR for osteogenic gene examination will be
conducted at an earlier timepoint to assess the osteogenic ability of BMMSCs under
different reproductive status. Moreover, further investigations in mice will be established
to better elucidate the underlying mechanisms in regulating the alterations in BMMSCs in
response to reproduction, lactation, and estrogen deficiency.
In spite of these limitations, our study elucidated the changes in maternal rat
BMMSCs and their differentiation potentials in response to reproduction, lactation, and
estrogen deficiency. Our in vitro cell culture study indicated that BMMSCs were more
inclined to adipogenesis during the lactation period, which may contribute to the
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adipocyte accumulation post-weaning. Moreover, cycles of reproduction and lactation
induced an accumulation of BMAs; however, in contrast to the OVX-induced elevation
in BMAs, rats with reproductive histories showed marked reduction in BMAs after being
subjected to estrogen deficiency. Furthermore, our in vitro cell data indicates that the
mesenchymal progenitors that experienced multiple cycles of reproduction exhibit less
adipogenic capacity than virgins regardless of estrogen status. Taken together, these
results suggest that the combined effects of lactation history and estrogen deficiency may
condition the mesenchymal progenitors against adipogenesis, which may partially explain
the paradox that the reproductive history provides protective effect against
postmenopausal bone fracture risk despite of the long-lasting deficits in maternal
skeleton, highlighting the potential impact of bone marrow adipose tissue on the
managements of postmenopausal osteoporosis.
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CHAPTER 6: METABOLIC REGULATIONS OF MOUSE BONE MARROW
ADIPOSE TISSUE DURING PREGNANCY, LACTATION, AND POST-WEANING
RECOVERY
A. Introduction
Adipose tissue is an important metabolic organ in regulating whole-body
metabolism, which generally can be divided into three types based on its location and
function [1]. White adipose tissue (WAT) is a reservoir for energy storage, primarily
locating in the subcutaneous and visceral depots. Brown adipose tissue (BAT) plays a
critical role in energy utilization and heat production, principally locating above the
clavicle and in the subcapsular region of the back. In addition to WAT and BAT, the
adipocytes also live in the bone marrow compartment, which has been reported to
comprise about 10% of the lipid stores by weight in humans [2]. As a unique adipose
type, bone marrow adipocytes (BMAs) have long been considered as a relatively inert
and underappreciated component in bone marrow environment; however, recent studies
suggest that BMA may have the potential in diverse functions, exhibiting a close
relationship with bone homeostasis and marrow hematopoiesis [1-3].
It has been suggested that the BMAs could alter their size and number to adapt to
various physiologic and pathologic conditions [2]. Multiple investigations have showed
that an elevation in bone marrow adiposity is correlated with low bone mass, implying a
potential inverse relationship between BMAs and bone mass, which may be caused by
the competition between adipogenic and osteogenic programming of bone marrow
mesenchymal progenitors [4, 5]. Many clinical studies have reported that the conditions
with a low bone mass and higher osteoporotic fracture risk, including aging [6-8],
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postmenopausal osteoporosis [9, 10], skeletal disuse or unloading [11, 12], and anorexia
nervosa [13, 14], are usually accompanied by an elevation in BMAs [3]. On the other
hand, previous findings also suggest that the conditions that lead to an anabolic phase in
skeleton often correlate with lower BMAs [3]. For example, the voluntary exercises or
external mechanical loading could lead to bone gain but reduce BMAs [15, 16];
moreover, the intermittent parathyroid hormone (PTH) treatments could also effectively
reduce BMAs in rodents and osteoporotic patients [17, 18]. Taken together, the BMAs
could undergo formation/expansion or clearance/contraction in response to metabolic,
nutritional, hormonal, and environmental cues, and these alterations in BMAs are
suggested to have an inverse relationship with the corresponding skeletal changes.
However, contradictory with the inverse correlation between BMAs and bone
mass evidenced in numerous studies, a unique positive correlation between BMAs and
bone mass was observed during reproduction and lactation. Studies in rats and mice
showed that a period of lactation led to dramatic reductions in both bone mass and BMAs
[19, 20]. Moreover, our previous findings (showed in Chapter 5) further suggest
significant elevations in both bone mass and BMAs after weaning. These parallel
alterations caused by reproduction and lactation exhibit a positive association between
bone mass and marrow adiposity, indicating that the communication between bone and
marrow adipose tissue is much more complex than a simple inverse relationship.
Pregnancy and lactation are challenging stages for mothers as the fetal/infant
growth exerts remarkable pressure on maternal calcium homeostasis and energy
metabolism, resulting in substantially elevated metabolic demands [21]. It has been stated
that large amounts of energy are spent by bone marrow and skeletal components in
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regulating hematopoietic turnover, skeletal resorption and formation, and whole-body
metabolism [22]. As the currency for cellular energy, adenosine triphosphate (ATP) can
be generated by the hydrolysis of high-energy bonds from fatty acids, and as a result, the
dramatically altered bone cell activities and energy demands during reproduction and
lactation may potentially lead to an alteration in lipid-laden BMAs to provide fatty acids
as an energy source [2]. Although previous study demonstrated the unique positive
association between bone mass and BMAs during a reproductive cycle, the underlying
cellular mechanism remains unknown. Therefore, our objective was to comprehensively
evaluate the alterations of bone marrow adipocytes at different stages throughout one
reproductive cycle and uncover the underlying cellular mechanisms using an inducible
Adipoq-CreER-tdTomato mouse model. We hypothesized that the elevated skeletal
remodeling and high metabolic demands during pregnancy and lactation may utilize the
lipid-laden BMAs to serve as a fuel source, but these alterations in BMAs are transient
and can be reverted post-weaning by new BMA formation and lipid hypotrophy.
B. Methods
B.1 Animal protocol
All animal work performed in this report was approved by the Institutional Animal
Care and Use Committee (IACUC) at the University of Pennsylvania. In accordance with
the standards for animal housing, mice were group housed at 23-25°C with a 12 h light/dark
cycle and allowed free access to water and standard laboratory pellets.
Adipoq-CreER-tdTomato (AdipoqER/Td) mice of mixed background of CD1 and
C57BL/6J (50% : 50%) were generated by breeding Rosa-tdTomato (Jackson Laboratory,
Bar Harbor, ME, USA) mice with Adipoq-CreER mice [23]. To induce CreER activity in
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Adipoq-CreER mice, ~6.5-week-old mice were received intraperitoneal injection of
Tamoxifen (75 mg/kg/day), dissolved in corn oil, for 3 times by every other day. After
tamoxifen injection, a 3-week recovery period before animal mating will be necessary to
minimize adverse effects of tamoxifen on pregnancy and lactation [24, 25]. Similar to the
mating strategy that described in Chapter 3, all mice were assigned to 5 groups (n=57/group): 14d Pregnancy, 1d Lactation, 12d Lactation, 14d Post-Weaning, and agematched Virgins (Figure 6-1). Different groups of mice were mated at different ages and
euthanized 10 weeks after tamoxifen injection at the same age of ~4 months old. All litters
were normalized to 7-8 pups per mother within 24 hours of birth for consistent lactation
intensity.

Figure 6-1. Schematics of study design.
B.2 Bone marrow immunofluorescence
To obtain whole-mount sections for immunofluorescent imaging, freshly dissected
bones were fixed in 4% PFA for 1 day, decalcified in 10% EDTA for 4-5 days, and then
immersed into 20% sucrose and 2% polyvinylpyrrolidone (PVP) at 4°C overnight. Then
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sample was embedded into 8% gelatin in 20% sucrose and 2% PVP embedding medium.
Samples were sectioned at 50 µm in thickness. Sections were incubated with rat antiEndomucin (Santa cruz, sc-65495) and rabbit anti-Perilipin (Cell signaling, 9349)
antibodies at 4°C overnight followed by Alexa Fluor 647-conjugated goat anti-rat
(Invitrogen, A-21247), Alexa Fluor 488-conjugated donkey anti-rabbit (Invitrogen, A21206), and Alexa Fluor 647-conjugated donkey anti-rabbit (Invitrogen, A-31573)
secondary antibodies incubation 1-2 hours at room temperature.
Fluorescence images were captured by a Zeiss LSM 710 scanning confocal
microscope interfaced with the Zen 2012 software (Carl Zeiss Microimaging LLC,
Thornwood, NY), where a step size of 1 µm at 10x magnification was applied. Laser power
and detector sensitivity were adjusted for z-correction to compensate for signal dissipation
at greater imaging depths. The gain and offset of detector were adjusted according to the
most intense regions to ensure minimal saturation of the signal over the entire imaging
area.
Customized Python codes followed by manual corrections were used for
quantification. Briefly, the region of interest (0.6-1.8 mm above growth plate) of distal
femurs was selected and global thresholds were applied after visual checking with
subsequent noise removal. Watershed segmentation algorithm was applied to accurately
identify the lipid-laden mature adipocytes, and all derived parameters were undergone
manual correction. Parameters on bone marrow adipocytes and Td-labeled cells, including
total mature adipocyte area (Adi.A/BM.A), mature adipocyte number (Adi.N/BM.A),
indivadual mature adipocyte size (indiv_Adi.A), Td+ cell number (Td.N/BM.A), percent
of mature adipocytes that derived from Td+ precursor subpopulation (ratio of Td+ Perilipin+
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cells over Perilipin+ adipocytes, % Td+ Adi.N), and percent of mature adipocytes that
derived from Td+ cells (% Td+Adi.N/Td+.N) were characterized. Moreover, parameters on
bone marrow vessels, including vessel diameter at semi-minor axis (vessel diameter) and
total vessel area (Vessel.A/BM.A), were calculated. The regional relationship between
bone marrow mature adipocytes Perilipin+) and vessels was further determined by
investigating the distance between adipocytes and vessels (Adi-Vessel distance) and the
percentage of Perilipin+ adipocytes that attached on the vessels (% zero distance Adi).
B.3 Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
staining
To assess the cell apoptosis in bone marrow, TUNEL assay was applied to Virgin,
15d Pregancy, and 1d Lactation mice (n=3/group) according to the manufacturer’s
instructions (ApopTag Fluorescein In Situ Apoptosis Detection Kit, Millipore, s7101). The
whole-mount sections were treated with proteinase K in Tris buffer, and the broken DNA
fragments were labeled with the digoxigenin-nucleotide are then allowed to bind an antidigoxigenin antibody that is conjugated to fluorescein, following by DAPI staining. The
stained sections were imaged by Zeiss LSM 710 scanning confocal microscope (Carl Zeiss
Microimaging LLC, Thornwood, NY), and the percentage of positively stained cells was
quantified by NIH ImageJ and a customized Python code, where the periosteum and
endosteum are excluded from analysis by hand drawing and the total area of bone marrow
cells (DAPI stained) and TUNEL positive cells (TUNEL and DAPI overlayed) were
counted after applying Gaussian filtration and universal thresholding on the same region
of interest (0.6-1.8mm above growth plate at distal femur).
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B.4 Statistical analysis
All results except TUNEL staining data are presented using boxplots, with
median, interquartile range (25th to 75th percentile), and maximum and minimum values
indicated. Results from TUNEL staining are shown by scatter plots due to its low sample
size. One-way ANOVA with Bonferroni post hoc correction was applied to compare the
parameters related to bone marrow adipocytes and vessels in mice with different
reproductive status. For all tests, p-values less than 0.05 were considered statistically
significant, while p-values less than 0.1 were considered to indicate a trend of statistical
significance with specific p-value provided.
C. Results
C.1 Examination of tamoxifen-induced labeling efficiency in AdipoqER/Td mice
The efficacy of tamoxifen injection of AdipoqER/Td mice in bone marrow was
investigated in this study. Very few bone marrow cells were Td+ in the bone marrow
compartment at distal femur (Figure 6-2 A) without tamoxifen injection, indicating the
feasibility of using the inducible AdipoqER/Td mice as our animal model. At the 3rd day
of the last injection of tamoxifen, Td labeled almost all Perilipin+ adipocytes, part of the
stromal cells with a reticular shape, and pericytes, but not osteoblasts, osteocytes, growth
plate or articular chondrocytes (Figure 6-2 B), and the majority of Td+ cells did not
harbor lipid droplets. The labeling profile was further examined 10 weeks after tamoxifen
injection, where the Td labeling can be observed in ~40% Perilipin+ adipocytes, stromal
cells, pericytes, osteoblasts, and part of osteocytes in trabeculae, but not in growth plate
or articular chondrocytes (Figure 6-2 C). Moreover, the total number of Td+ cells seemed
to be experience a pattern of elevation over the 10 weeks after tamoxifen administration.
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Figure 6-2. Representative images of distal femur (A) without tamoxifen administration,
and (B) 3 days and (C) 10 weeks after tamoxifen administration.
C.2 Effects of reproduction and lactation on bone marrow adipocytes
Dramatic differences in Perilipin+ mature bone marrow adipocytes were observed
in mice with different reproductive status (Figure 6-3 AB). Although no statistical
difference was detected, a pattern of reduction in total area of bone marrow adipose tissue
(Adi.A/BM.A) were observed during pregnancy and lactation. Intriguingly, Adi.A/BM.A
was significantly elevated by 2.9~5.2 folds in the 14d Post-weaning group when
compared to the mice during pregnancy or lactation (Figure 6-3 C). Similar results were
shown in the Perilipin+ lipid-laden mature adipocyte number (Adi.N/BM.A), where
pattern of reductions (not statistically different) were observed during pregnancy and
lactation, but significant elevation was found post-weaning (Figure 6-3 D). The
individual adipocyte size was further calculated to examine the potential lipid alterations
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during a reproductive cycle, and a clearer trend of gradually shrunk size was shown
during the period of pregnancy and lactation, following by a significant size enlargement
post-weaning (Figure 6-3 E). Moreover, the Td+ cells were also evaluated in the current
study. No significant difference in Td+ cell number was detected in mice with different
reproductive status (Figure 6-3 F). Our data showed that the Tomato+ cells still accounted
for ~40% perilipin+ adipocytes 10 weeks post-tamoxifen treatment, while a significant
difference in the % Td+ mature adipocytes was found between 14d Pregnancy and 12d
Lactation groups (Figure 6-3 G). Our data also showed that ~5% Td+ cells could further
differentiate and gain lipids to form perilipin+ mature adipocytes, and similarly, no
difference was found among groups (Figure 6-3 H).
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Figure 6-3. Representative immunofluorescent images of (A) distal femur and (B)
enlarged bone marrow region with perilipin staining. Comparisons of (C) Adi.A/BM.A,
(D) Adi.N/BM.A, (E) indiv_Adi.A, (F) Td+.N/BM.A, (G) % Td+ Adi.N, (H) %
Td+Adi.N/Td+.N in mice with different reproductive status. * indicates significant
changes between groups (p<0.05).
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C.3 Assessment of apoptosis in bone marrow adipocytes
To further understand the underlying mechanism of the substantial reduction
during pregnancy and lactation, TUNEL staining was performed in Virgin, 14d
Pregnancy, and 1d Lactation mice to detect the cell apoptosis in bone marrow. Overall,
very few TUNEL+ stromal cells, with only 0.1~0.2%, were found in all groups, and no
difference was found among groups (Figure 6-4 A). Moreover, ~3% Td+ cells and ~2%
perilipin+ cells were showed to be TUNEL+ (Figure 6-4 B&C), while no TUNEL+ Td+
perilipin+ cells were detected in bone marrow in all group of mice. Taken together, no
difference was observed in bone marrow TUNEL+ cells over the periods of pregnancy
and lactation.

Figure 6-4. Comparisons of (A) TUNEL+ marrow cells, (B) TUNEL+ Td+ marrow cells,
and (C) TUNEL+ Perilipin+ adipocytes in mice with different reproductive status.
C.4 Effects of reproduction and lactation on bone marrow vessels and their
corresponding relationship with bone marrow adipocytes
Confocal images showed that the bone marrow capillary vessels were surrounded
by Td+ pericytes and Td+ stromal cells, and thus bone marrow vessels were investigated
by Edomucin staining to better understand the marrow environment (Figure 6-5 A).
Reproduction and lactation induced no alterations in the diameter of bone marrow vessel
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(Figure 6-5 B), while an increase in bone marrow vessel area was found in the 14d PostWeaning group than 14d Pregnancy mice (Figure 6-5 C).
Intriguingly, apart from Td+ cells, the perilipin+ adipocytes also seem to be more
prone to locate around vessels (Figure 6-5 A), and thus the distance between bone
marrow vessels and lipid-laden mature adipocytes was further evaluated. The adipocytevessel distance did not change over the course of pregnancy; intriguingly, the Perilipin+
adipocytes seemed to be closer to vessels in mice in 1d Lactation and 14d Post-Weaning
groups. Moreover, majority of the perilipin+ adipocytes were attached on marrow vessels
(zero distance from bone marrow vessels), regardless reproductive status. Therefore, the
subgroup of Perilipin+ adipocytes with zero distance to marrow vessels were stratified
out. Interestingly, the percent of Perilipin+ cells with zero distance was highest in 14d
Post-Weaning group, while no significant difference was found among other groups
(Figure 6-5 E). Taken together, the mature bone marrow adipocytes were prone to be
closer to blood vessels following weaning.
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Figure 6-5. (A) Representative image with Perilipin and Edomucin immunofluorescent
staining. Comparisons of (B) Vessel Diameter, (C) Vessel.A/BM.A, (D) Adi-Vessel
distance, and (E) % zero-distance Adi in mice with different reproductive status. *
indicates significant differences between groups (p<0.05)
D. Discussion
This study was the first investigation on exploring the alterations in bone marrow
adipocytes during pregnancy, lactation, and post-weaning recovery by using an inducible
AdipoqER/Td mouse model, yielding a better understanding in the cellular mechanisms
behind the BMA alterations during a reproductive cycle. Our data demonstrated that the
lipid-laden bone marrow adipocytes underwent a pattern of reduction during pregnancy
and lactation; however, a similar number of TUNEL+ adipocytes were found between
virgins vs. mice at different reproductive stages, suggesting that the adipocyte apoptosis
is unlikely to be the main driver for the pregnancy/lactation-induced reduction in lipidladen BMAs. Intriguingly, Perilipin+ mature bone marrow adipocytes derived from both
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pre-labeled Td+ and later formed Td- precursor subpopulations were significantly
elevated following weaning, indicating an expansion in bone marrow adipose tissue via
possible adipogenesis and hypertrophy. Moreover, our data in marrow vessel further
showed that the mature BMAs may tend to have a better co-localization with the marrow
vessels following weaning, which may be associated with the potential weaning-induced
lipid hypotrophy in bone marrow adipocytes.
Adiponectin-CreER (AdipoqER), which recombines in adipocytes in white
adipose depots, also recombined in bone marrow adipocytes [26]. A recent lineage
tracing paper in bone marrow uncovered a novel type of adipogenic lineage cell, marrow
adipogenic lineage precursors (MALPs), that expresses many adipocyte markers, but
lacks significant lipid stores [27]. Aligning with previous studies with AdipoqCre/Td and
AdipoqER/Td models [26, 27], our data confirmed that the Td signal could label all
Perilipin+ adipocytes, partial stromal cells with a reticular shape, and pericytes, but not
osteoblasts, osteocytes, growth plate, or articular chondrocytes 3 days after tamoxifen
administration. However, although it has been stated that the AdipoqCre+ or AdipoqER+
cells are specified to differentiate to adipocyte in vivo, our data showed Td+ osteoblasts
and osteocytes at the trabecular compartment 10 weeks after tamoxifen administration,
indicating that apart from the MALPs, AdipoqER+ cells may also include a very small
portion of mesenchymal progenitors with the potential to differentiate into osteogenic
lineage cells. Moreover, consistent with previous findings in AdipoqER-labeled cells
[26], we also observed an expansion in Td+ cells in bone marrow over time after
discontinuation of tamoxifen injections, suggesting a proliferative capacity. However, in
contrast to our findings, other studies with AdipoqCre-labeled cells are suggested to be
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non-proliferative, and this apparent discrepancy could be caused by tamoxifen treatment,
which promotes adipocyte turnover in certain fat depots and induces bias [28]. Thus, an
alternative lineage tracing method, such as tetracycline-on transcription system, might
eliminate the potential adverse effect by tamoxifen.
Overall, the current study indicated that lipid-laden bone marrow adipocytes
undergo substantial alterations during one reproductive cycle. Aligning with our data in
rats from Chapter 5 as well as previous rodent investigations on bone marrow adipose
tissue that assessed by static histomorphometry and osmium staining [19, 20], our current
data showed a substantial reduction in total marrow adipose tissue, BMA number, and
individual BMA size during pregnancy and lactation. To further explore the underlying
reason, TUNEL staining was utilized for detecting adipocyte apoptosis. Intriguingly, the
periods of pregnancy and lactation did not alter the apoptosis of lipid-laden BMAs or Td+
cells, indicating that the decrease in mature bone marrow adipocytes is unlikely caused
by corresponding apoptosis. Despite of the dynamic environment in bone marrow, very
little information has been reported so far regarding the apoptosis of BMAs under
physiological stimuli, and thus, further investigations may be warranted. On the other
hand, the significant shrinkage in the individual lipid size of BMAs indicated a potential
pregnancy/lactation-associated BMA lipolysis. Instead of being an inert filler in bone
marrow, it has been suggested that the lipid-laden BMAs can actively respond to the
metabolic, nutritional, hormonal, and environmental cues and act as a depot to provide
fatty acids as an energy source [2]. In addition to BMAs, previous literature also
described the presence of lipid droplets in osteoblast lineage cells and osteocytes under
steroid treatment and aging [29, 30]. As a result, it is likely that the lipids from BMAs
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can be broken down via lipolysis and mobilized to neighbor cells when cellular energy is
in demand [2, 31]. Taken together, the lipid-laden BMAs may be highly responsive to the
increased skeletal remodeling and metabolic demands during lactation by losing their
lipids to provide energy locally and systemically in a unique pathway.
Consistent with our rat data in Chapter 5, our current study found significant
elevation in total marrow adipose tissue, BMA number, and individual BMA size postweaning in mice. Significant elevation in both Td+ Perilipin+ and Td- Perilipin+ BMAs
was found after weaning, indicating that the newly formed BMAs were differentiated
from both Td+ and Td- subpopulations of adipocyte-determined precursors. Intriguingly,
the significant expansion in the individual lipid size of BMAs also indicated a potential
weaning-associated BMA hypertrophy. By accounting for ~10% of lipid stores in healthy
individuals, marrow adipocytes could adapt to the marrow environment and play as a
critical reservoir for fatty acid storage in states of excess fuel [2]. After an intense
metabolic stress induced by pregnancy and lactation, the maternal BMAs may start to
store the lipids via hypotrophy post-weaning to get prepared for the next intense
pregnancy and lactation cycle. Interestingly, as discussed in Chapter 5, the disappearance
of adipocytes during lactation and subsequent elevation of adipocytes post-weaning has
also been observed in the mammary gland of mice [32, 33]; however, the underlying
mechanism whether the mammary adipocytes undergoing de- and re-differentiation or
undergoing lipolysis and hypotrophy during a reproductive cycle is under debating and
remains to be investigated.
Consistent with previous lineage tracing study [27], the AdipoqER+ cells also
exist as pericytes. The MALP cell processes form a vast network with numerous
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connections among themselves and with other marrow cells as well as blood vessels,
which is also observed in the current study. MALPs are suggested to play a pivotal role in
maintaining marrow vasculature via secreting relevant molecules into the marrow
microenvironment. Intriguingly, our data suggested that the lipid-laden BMAs were
tended to be closer to marrow vessels after weaning, indicating that the marrow vessels
may potentially participate in the lipid trafficking post-weaning as well. However, we
also observed a closer adipocyte-vessel distance in mice at day 1 of lactation, indicating a
possible rapid alteration in adipocyte location during the last week of pregnancy. Very
little information was known regarding the relationship between lipid-laden BMAs and
marrow vessel, and thus, further studies are required to uncover the mechanistic link
among marrow adipocytes, lipid trafficking, and skeletal remodeling.
Our study was not without limitations. Firstly, only one time point (14 days postweaning) was investigated, and thus our conclusions are limited to early alterations in
bone marrow adipocytes after weaning. Although no significant difference was observed
between virgin vs. 14d post-weaning mice in our current study, our data in Chapter 5
reported significant elevated bone marrow adipocyte number in rats with repeated
reproductive cycles than age-matched virgins, and thus, evaluation of an extended postweaning duration in future work is warranted to further elucidate the impact of weaning
on bone marrow adipocyte recovery. Moreover, to minimize the adverse effects of
tamoxifen on pregnancy and lactation, 3-week recovery period was applied before animal
mating, resulting in a long labeling duration over 10 weeks. It is important to note that a
10-week labeling duration may result in the adipocyte cell pool to be dominated by Tdsubpopulation due to the dynamic nature of bone marrow, which may affect our
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evaluation on bone marrow adipocytes when conducting group comparison. However,
our data showed that Tomato+ cells still accounted for ~40% perilipin+ adipocytes across
different reproductive states, which indicates that a period of 10 weeks post-tamoxifen is
reasonable to label bone marrow adipocytes in adult mice. Moreover, as all mice are agematched, the Virgin group was able to serve as the “control” when making comparisons.
Lastly, the limited sample number is another concern from current study. CD1 with a
better reproduction capacity was introduced to our C57BL/6J-based breeding scheme,
leading to a high variability within each group for adipocyte examination. However, this
heterogeneous genetic background may provide a more comprehensive investigation in
marrow adipocytes to better represent the realistic behavior.
Despite these limitations, our study provides a comprehensive evaluation of bone
marrow adipose tissue during pregnancy, lactation, and post-weaning recovery by using
AdipoqER/Td mice. Although an inverse relationship between bone marrow adiposity
and bone mass were observed in majority of the physiologic and pathologic conditions, a
positive association between bone mass and lipid-laden BMAs during a reproductive
cycle was demonstrated in the current study. Our data indicate that the BMAs might
undergo lipolysis to serve as a fuel source in response to the high stress induced by
pregnancy and lactation, but experience new adipocyte formation with hypotrophy to
serve as an energy reservoir in states of excess fuel induced by weaning, suggesting a
functional adaptation in BMAs during one reproductive cycle. Moreover, our study also
found an alteration in the distance between lipid-laden BMAs and marrow vessels in
mice with different reproductive status, indicating that the marrow vessel might also play
an active role in regulating the marrow lipid trafficking. Taken together, our findings
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elucidated the effects of pregnancy, lactation, and post-weaning recovery on bone
marrow adipocytes, highlighting the potential impact of bone marrow adipose tissue on
maternal skeletal and metabolic health.
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CHAPTER 7: CONCLUSIONS AND FUTURE DIRECTIONS
A. Introduction
The overall objective of this thesis was to elucidate the reproduction- and
lactation- induced functional adaptations on osteocyte-related bone mechanoresponsiveness and bone marrow adipocytes by investigating both immediate and longterm effects of reproduction and lactation on skeletal mechano-responsiveness to external
loading, osteocyte microenvironment, and bone marrow adipocytes in rats and mice. The
relationship between peak bone mass/microstructure and the rate of bone loss induced by
estrogen deficiency was determined by applying in vivo μCT-based imaging in a large
cohort of virgin female rats of homogeneous background (Chapter 2). Chapter 3 and
Chapter 4 investigated the effects of reproduction and lactation on bone mechanosensitivity and osteocyte microenvironment. The maternal mechano-responsiveness to
tibial external loading during pregnancy, lactation, and post-weaning recovery was
investigated by utilizing a rat dynamic tibial compressive loading protocol, and the
lactation-associated osteocyte peri-lacunar/canalicular (PLR) alteration was further
elucidated in rats (Chapter 3). Moreover, the long-term effects of reproduction and
lactation history on bone mechano-responsiveness, osteocyte PLR activities, and
osteocyte lacunar-canalicular system (LCS) structure were also determined in rats under
different estrogen conditions (Chapter 4). Chapter 5 and Chapter 6 investigated the
effects of reproduction and lactation on bone marrow mesenchymal stem cells
(BMMSCs) and bone marrow adipocytes (BMAs). The alterations in rat maternal
BMMSC proliferation and differentiation abilities in response to reproduction, lactation,
and estrogen deficiency were elucidated by in vitro cell culture (Chapter 5). In addition,
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the alterations of BMAs during a reproductive cycle were further explored in an inducible
AdipoqCreER:TdTomato (AdipoqER/Td) mouse model to uncover the underlying
cellular mechanisms (Chapter 6). The major findings and conclusions of each of these
studies are summarized in the current chapter.
B. Chapter Two Conclusions
Postmenopausal osteoporosis affects approximately 30% of women over the age
of 50 in the United States and poses a significant financial burden on healthcare [1-4].
Reduced estrogen levels during menopause lead to accelerated bone remodeling,
resulting in low bone mass and increased fracture risk. Both peak bone mass and the rate
of bone loss are important predictors of postmenopausal osteoporosis risk. However,
whether peak bone mass and/or bone microstructure directly influence the rate of bone
loss following menopause remains unclear.
This study aimed to establish the relationship between peak bone
mass/microstructure and the rate of bone loss in response to estrogen deficiency
following ovariectomy (OVX) surgery in rats of homogeneous background by tracking
the skeletal changes using in vivo micro-computed tomography (µCT) and threedimensional (3D) image registrations. Linear regression analyses demonstrated that the
peak bone microstructure, but not peak bone mass, was highly predictive of the rate of
OVX-induced bone loss. In particular, the baseline trabecular thickness was found to
have the highest correlation with the degree of OVX-induced bone loss and trabecular
stiffness reduction. Given the same bone mass, the rats with thicker baseline trabeculae
had a lower rate of trabecular microstructure and stiffness deterioration after OVX.
Moreover, further evaluation to track the changes within each individual trabecula via our
174

novel individual trabecular dynamics (ITD) analysis suggested that a trabecular network
with thicker trabeculae is less likely to disconnect or perforate in response to estrogen
deficiency, resulting a lower degree of bone loss.
Overall, this study demonstrated that the extent of estrogen-deficiency-induced
bone loss was predicted by peak bone microarchitecture, most notably the trabecular
thickness. The findings suggest that given the same bone mass, a trabecular bone
phenotype with thin trabeculae may be a risk factor toward accelerated postmenopausal
bone loss, which provides important clinical insights toward the development of patientspecific osteoporosis management strategies based on peak bone microstructure.
C. Chapter Three Conclusions
Pregnancy, lactation, and weaning induce dramatic changes in maternal calcium
metabolism. The maternal skeleton undergoes dramatic bone loss during pregnancy and
lactation, and substantial bone recovery post-weaning. The structural adaptations of
maternal bone during reproduction and lactation exert a better protection of the
mechanical integrity at the critical load-bearing sites, suggesting the importance of
physiological load-bearing in regulating reproduction-induced skeletal alterations.
Although it is suggested that physical exercise during pregnancy and breastfeeding
improves women’s physical and psychological well-being, its effects on maternal bone
health remain unclear.
This study aimed to investigate the maternal bone adaptations to external
mechanical loading during pregnancy, lactation, and post-weaning recovery. By utilizing
an in vivo dynamic tibial loading protocol with 1,500 με at tibial midshaft in a rat model
to mimic jogging or running in women, we demonstrated an improved maternal cortical
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bone structure in response to dynamic loading at tibial midshaft, regardless of
reproductive status, indicating a beneficial effect of weight-bearing exercise on maternal
bone during pregnancy and postpartum. Notably, despite the minimal loading responses
detected in the trabecular bone in virgins, rat bone during lactation experienced enhanced
mechano-responsiveness in both trabecular and cortical bone compartments when
compared to rats at other reproductive stages or age-matched virgins, indicating a greater
mechano-responsiveness of maternal bone during lactation. Furthermore, our study
showed that the lactation-induced elevation in osteocyte peri-lacunar/canalicular
remodeling (PLR) activities led to enlarged osteocyte lacunae. This may result in
alterations in interstitial fluid flow-mediated mechanical stimulation on osteocytes and an
elevation in solute transport through the lacunar-canalicular system (LCS) during highfrequency dynamic loading, thus enhancing mechano-responsiveness of maternal bone
during lactation.
Overall, this study provided a thorough evaluation of the effects of pregnancy,
lactation, and weaning on maternal bone mechano-responsiveness and osteocyte
microenvironment in rats. Findings from this study provide important insights into the
relationship between reproduction and lactation-induced skeletal changes and external
mechanical loading, emphasizing the importance of weight-bearing exercise on maternal
bone health during reproduction and postpartum.
D. Chapter Four Conclusions
Physical exercise may form an important target in both prevention and treatment
of osteoporosis. The impacts of physical exercise are likely modulated through
osteocytes, the long-lived primary mechanosensing cells in bone. Although the
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immediate alterations in maternal bone mechano-responsiveness and ostecytic perilacunar/canalicular remodeling (PLR) activities have been demonstrated during the
lactation period (Chapter 3), the long-term effects of lactation history on skeletal
responsiveness and osteocyte PLR still remain unclear.
This study aimed to investigate the long-term effects of reproduction and lactation
history on 1) maternal bone adaptations to external mechanical loading, and 2) osteocyte
microenvironment under different estrogen conditions. By utilizing a similar in vivo rat
tibial loading protocol as described in Chapter 3 (1,500 με at tibial midshaft), we
demonstrated that external loading attenuated OVX-induced trabecular bone loss and
enhanced cortical bone structure in both virgin and lactation rats. Particularly, when
subjected to estrogen deficiency, maternal bone with a history of lactation experienced
greater responses to mechanical stimuli at the tibial midshaft than virgins, indicating an
enhanced mechano-responsiveness in post-OVX lactation rats. Osteocyte PLR activities
were significantly elevated in lactation rats when subjected to estrogen deficiency,
leading to enlarged lacunar-canalicular structure, which results in enhanced interstitial
fluid flow stimulation and increased signaling molecule transport flux on osteocyte and
cell processes, and thus likely elevates the corresponding mechano-responsiveness.
Taken together, these findings that the history of reproduction and lactation may prime
the microenvironment of osteocytes, leading to elevated mechano-sensitivity to protect
maternal skeleton against estrogen deficiency, which may partially explain the paradox
that lactation history does not adversely affect postmenopausal bone fracture risk despite
of the long-lasting alterations of maternal skeleton.
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Overall, this study comprehensively illustrated the long-term effects of
reproduction and lactation history on maternal bone mechano-responsiveness and
osteocyte microenvironment in rats under different estrogen conditions. Findings from
this study emphasized the importance of weight-bearing exercise on maternal bone health
post-menopause, providing critical insight into osteoporosis prevention and treatment for
postmenopausal women based on their reproduction histories.
E. Chapter Five Conclusions
The fetal/infant growth during pregnancy and lactation exert remarkable pressure
on maternal calcium homeostasis and energy metabolism, resulting in substantial bone
loss and elevated metabolic demands. Despite the long-lasting skeletal alterations
induced by reproduction and lactation, clinical studies have suggested that the
reproductive history exerts no adverse, or even a protective effect on fracture risk in the
long run, forming a paradox. Bone marrow mesenchymal stem cells (BMMSCs) are
pluripotent, nonhematopoietic, self-renewable cells that capable of differentiating into
different cell lineages of several mesenchymal tissues, including bone and fat, and thus
playing an important role in maintaining bone homeostasis. Therefore, to explore
possible explanations for this paradox, the objective of our study was to investigate the
immediate and long-term effects of reproduction and lactation on the proliferation and
differentiation potentials of BMMSC activities.
Despite of the significant bone loss during lactation, the number of osteoblasts
increased significantly during lactation and continued to be elevated after weaning.
Intriguingly, bone marrow adipocytes (BMAs) were dramatically reduced during
lactation, indicating the lipid-laden BMAs may be highly responsive to the increased
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skeletal remodeling and metabolic demands during lactation by losing their lipids to
provide energy locally and systemically. Our in vitro cell culture study indicated that
BMMSCs from Lactation rats were more inclined to adipogenesis, which may contribute
to the adipocyte accumulation post-weaning. Furthermore, cycles of reproduction and
lactation induced an accumulation of BMAs, resulting in significantly greater BMAs in
rats with histories of three reproductive cycles than virgins, while no difference was
detected in the number of osteoblasts. More strikingly, rats with reproductive histories
showed marked reduction in BMAs after being subjected to estrogen deficiency. This is
in contrast to previous reports that estrogen deficiency leads to increased BMAs, which
was observed in the virgin rats in this study. Moreover, our in vitro cell data indicates that
the mesenchymal progenitors that experienced multiple cycles of reproduction exhibit
less adipogenic capacity than virgins regardless of estrogen status. Taken together, these
results suggest that the combined effects of lactation history and estrogen deficiency may
condition the mesenchymal progenitors against adipogenesis, partially accounting for the
protective effect of reproduction history against estrogen deficiency-induced bone loss
later in life.
Overall, this study elucidated the changes in maternal rat BMMSCs and their
adipogenic differentiation potentials in response to reproduction, lactation, and estrogen
deficiency. Findings from this study may partially explain the paradox that the
reproductive history provides no adverse effect on postmenopausal bone fracture risk
despite of the long-lasting deficits in maternal skeleton, highlighting the potential impact
of bone marrow adipose tissue on the managements of postmenopausal osteoporosis.
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F. Chapter Six Conclusions
As a unique adipose type, BMAs have long been considered as a relatively inert
and underappreciated component in bone marrow environment; however, recent studies
suggest that BMA may have the potential in diverse functions, exhibiting a close
relationship with bone homeostasis and marrow hematopoiesis. Contradictory with the
inverse correlation between BMAs and bone mass evidenced in numerous studies, a
distinct positive correlation between BMAs and bone mass was observed during
reproduction and lactation as shown in Chapter 5. However, the cellular mechanism
behind this positive association remains unknown.
Therefore, the objective of this study was to evaluate the alterations of BMAs at
different stages throughout one reproductive cycle and uncover the underlying cellular
mechanisms. By using an inducible AdipoqER/Td mouse model, we demonstrated that
the lipid-laden BMAs underwent dramatic reduction during pregnancy and lactation;
however, no difference in TUNEL+ adipocyte number was found between virgins vs.
mice at different reproductive stages, suggesting that the adipocyte apoptosis is unlikely
to be the key reason for the pregnancy/lactation-induced reduction in lipid-laden BMAs.
Intriguingly, mature bone marrow adipocytes derived from both Td+ and Td- precursor
subpopulations were significantly elevated following weaning, indicating an expansion in
bone marrow adipose tissue via possible adipogenesis and hypertrophy. Moreover, our
data in marrow vessel further showed that the mature BMAs may tend to have a better
co-localization with the marrow vessels following weaning, which may be associated
with the potential weaning-induced lipid hypotrophy in bone marrow adipocytes.
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Overall, this study provides a comprehensive evaluation of bone marrow adipose
tissue during pregnancy, lactation, and post-weaning recovery and partially uncovered the
underlying mechanism by using AdipoqER/Td mice. Findings from this study elucidated
the dynamic alterations in BMAs in response to pregnancy, lactation, and post-weaning
recovery, highlighting the potential impact of bone marrow adipose tissue on maternal
skeletal and metabolic health.
G. Overall Study Conclusions
The studies presented here elucidated both immediate and long-term effects of
reproduction and lactation on bone mechano-responsiveness, osteocyte
microenvironment, bone marrow mesenchymal stem cells, and bone marrow adipocytes.
Our study demonstrated an overall improved maternal cortical bone structure in response
to physiological dynamic loading, regardless of reproductive status, lactation history, and
estrogen condition. Notably, rat bone during lactation experienced enhanced bone
mechano-responsiveness, possibly resulting from the elevated lactation-associated
osteocyte PLR activities. Furthermore, when subjected to estrogen deficiency induced by
OVX surgery, maternal bone with a history of lactation exhibits a greater mechanoresponsiveness than virgins. Osteocyte PLR activities were significantly elevated in rats
with lactation history post-OVX, leading to enlarged lacunar-canalicular structure, which
results in enhanced interstitial fluid flow stimulation and increased signaling molecule
transport flux on osteocyte and cell processes, and thus likely elevating the mechanoresponsiveness. The history of reproduction and lactation may prime the
microenvironment of osteocytes, leading to elevated mechano-sensitivity to protect
maternal skeleton against estrogen deficiency.
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In addition to mechano-responsiveness and osteocytes, regulation of bone marrow
adipocytes during reproduction and lactation may also contribute to exerting protective
effects on bone metabolic homeostasis. Our study in AdipoqER/Td mice indicated that
the BMAs might undergo lipolysis to serve as a fuel source in response to the high stress
induced by pregnancy and lactation, but experience new adipocyte formation with
hypotrophy to serve as an energy reservoir in states of excess fuel induced by weaning,
suggesting a functional adaptation in BMAs during one reproductive cycle. Moreover,
when subjected to estrogen deficiency, rats with reproductive history showed lower
adipogenic capacity and marked reduction in BMAs than virgins, indicating a protective
effect of reproduction and lactation against estrogen-deficiency-induced bone loss later in
life.
Taken together, this work explored the amazing functional adaptive mechanisms,
at the cellular level, that protect women with a history of lactation from postmenopausal
osteoporosis. This research improves our understanding on skeletal changes between
childbearing and post-menopause, and provides important insights for osteoporosis
prevention, management, and treatment in postmenopausal women by considering their
lactation history.
H. Future Directions
Based on the results reported here, several possible future directions should be
considered for this research field. These can be broadly classified into two categories: (1)
further characterization of the impacts of reproduction on osteocyte ultrastructure and
exploration into the possible mechanisms behind the alterations in bone mechanosensitivity and osteocytes in response to reproductive history, and (2) further
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investigation on reproduction-associated functional adaptation in bone marrow
adipocytes and exploration into the corresponding underlying mechanisms.
H.1 Further explorations in reproduction-associated alterations in osteocytes
Taken together, results from the specific Aim 1 of this thesis provided a thorough
evaluation of both immediate and long-term impacts of reproduction and lactation on
maternal bone mechano-responsiveness and osteocyte microenvironment, indicating that
the elevated osteocytic peri-lacunar/canalicular remodeling (PLR) is associated with
enhanced mechano-responsiveness in rats with different reproductive status, lactation
history, and estrogen deficiency. However, the reproduction-induced alterations in
osteocyte ultrastructure still remain to be investigated, and the possible mechanisms
behind the reproduction-associated alterations in bone mechano-sensitivity and osteocyte
microenvironment warrants further exploration.
H.1.1 Reproduction-associated changes in osteocyte ultrastructure
Our study suggested the importance of osteocyte microenvironment and lacunarcanalicular system (LCS) structure in determining the fluid and solute flows induced by
external loading. Although the 2D LCS structure has been comprehensively assessed in
our study by silver nitrate staining and backscattered SEM, the detailed properties of
pericellular matrix (PCM) in the LCS still remains unclear in response to reproduction
and lactation. As the matrix between osteocyte and its direct external microenvironment,
that PCM plays an important role in both “outside-in” and “inside-out” signaling
processes that occur within and among osteocytes [5, 6]. For the “outside-in” signaling,
PCM fibers can (1) control the fluid velocity profiles in canaliculi and determine the
magnitude of the fluid shear stress on cell membrane, and (2) experience the direct drag
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force, acting as the key mediator in converting tissue-level mechanical loads into cellular
simulations [6, 7]. On the other hand, for the “inside-out” signaling, PCM serves as a
critical molecular sieve, regulating the passage and presentation of signaling molecules
within bone [6, 8, 9]. Taken together, alterations in PCM properties would significantly
impact the ability of osteocytes to sense and respond to external mechanical loading.
Therefore, a detailed characterization of PCM and LCS by TEM [10], including the PCM
fiber volume fraction, distance between osteocyte cell body and lacunar wall, as well as
distance between cell process and canalicular wall are warranted to be further
investigated in mice with different reproductive status, lactation history, and estrogen
status.
H.1.2 Effects of PTHrP signaling on regulating osteocyte PLR
In addition to the exploration into the alterations in PCM properties induced by
lactation history, the underlying signaling pathway that regulates these potential changes
remains to be investigated. Recent studies as well as our findings from Chapter 3
demonstrated that osteocyte could actively modulate their surrounding matrix through
PLR during lactation, leading to high expression of bone resorption markers and enlarged
LCS [11]. Previous investigation by Qing et al. suggested that this lactation-induced PLR
is driven by the action of parathyroid hormone-related protein (PTHrP) via the
parathyroid hormone 1 receptor (PTH1R) in osteocytes as the mice lacking PTH1R in
osteocytes failed to have the lactation-induced PLR [12]. Moreover, another follow-up
study further investigated the mechanisms behind the osteocyte PLR, and found that the
osteocytes could acidify their microenvironment in response to PTHrP in vitro and in
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lactating mice in vivo [13]. Taken together, the elevated PTHrP levels during lactation
could be the key factor accounting for osteocyte PLR through PTH1R signaling pathway.
Similar to the lactation-associated osteocyte PLR, our data in Chapter 4 indicated
an elevation in osteocyte PLR activity in rats with reproductive history when subjected to
estrogen deficiency; however, the underlying mechanism still remains unknown. Based
on the importance of PTH1R signaling pathway in regulating osteocyte PLR during
lactation, it is possible that the PTH1R also plays a key role in mediating the PLR that
induced by the interactive effect of reproductive history and estrogen deficiency. The
complex fluctuations in numerous hormones during the reproductive cycle may lead to a
“hormonal memory” for maternal bone, resulting in a possible differential hormonal
circulating levels between virgin and reproductive rodents when subjected to OVXinduced estrogen deficiency. Therefore, the hormone levels post-OVX, especially the
PTHrP levels, need to be examined in females with different lactation history. Moreover,
by utilizing the DMP1Cre-PTHR-KO mouse model, we can further investigate the
corresponding PLR activities under different reproductive conditions to uncover the
underlying mechanisms.
H.2 Further exploration in reproduction-associated alterations in BMAs
Furthermore, our data from the specific Aim 2 of this thesis provided a thorough
characterization of both the immediate and long-term impacts of pregnancy and lactation
on bone marrow mesenchymal progenitors and bone marrow adipocytes, indicating a
functional adaptation in BMAs that induced by reproduction and lactation. However, the
corresponding underlying mechanisms still remain to be uncovered, and the possible
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relationship between bone marrow adipose tissue and bone mass warrants further
exploration.
H.2.1 Investigation of potential BMA lipolysis during pregnancy and lactation
In contrast to the inverse relationship between bone marrow adiposity and bone
mass that were observed in the majority of physiologic and pathologic conditions [14],
including aging [15-17], postmenopausal osteoporosis [18, 19], skeletal disuse or
unloading [20, 21], and anorexia nervosa [22, 23], a positive association with reduction in
both bone mass and lipid-laden BMAs was observed during pregnancy and lactation in
this thesis work. However, no significant elevation in adipocyte apoptosis was observed
over the course of pregnancy and lactation, and as a result, it is unlikely that the
adipocyte apoptosis is the key reason behind the decreased marrow adipose tissue during
pregnancy and lactation. Taken together, our current hypothesis is that the BMAs
undergoes lipolysis to serve as a fuel source in response to the high stress induced by
pregnancy and lactation, which needs to be further investigated.
It has been suggested that the lipids can be broken down via lipolysis when
energy is in demand [24]. Lipolysis describes the catabolic process of lipids, which can
be generally summarized in three sequential steps [24]: (1) adipose triglyceride lipase
(ATGL) hydrolyzes TAGs to release a fatty acid, yielding diacylglycerol (DAG); (2)
hormone-sensitive lipase (HSL) then converts DAG to monoacylglcerol (MAG) for fatty
acid releasing; and (3) monoglyceride lipase (MGL) finally liberates the last fatty acid
from glycerol [25]. As a result, these produced free fatty acids undergo β-oxidation and
subsequent oxidative phosphorylation for ATP production [26]. However, comparing
with white adipose tissue (WAT), BMAs were shown to be less responsive to β-
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adrenergic stimulation [27], indicating a unique pathway of lipolysis in BMAs. Despite of
this differential BMA lipolysis process, the initial step of triglyceride lipolysis that
mediated by ATGL commonly occurs in BMAs, and as a result, an adipocyte-specific
mouse model that blocks the first step of lipolysis could be generated to elucidate the
potential bone marrow lipolysis process during pregnancy and lactation.
One such animal model is Adipoq-Cre:Atgl fl/fl mouse model. Previous papers
have reported that the AdipoqCre:Atgl fl/fl mice exhibit a metabolic phenotype with an
elevation in body weight and an expansion of both white and brown adipose tissue (BAT)
[28-30], while no examination was conducted in BMAs. To better capture the specific
alterations in BMA lipolysis, an CreER system can be applied to replace the Cre system;
however, no investigations with Adipoq-CreER:Atgl fl/fl mouse model have been
conducted so far. It has been well-accepted that adiponectin is the key marker that can be
expressed by all types of adipose tissue, and thus limiting the feasibility of BMA-specific
assessments. To date, a novel Flippase-activated Adipoq-Cre mouse model that
specifically targets BMAs (without interfering WAT or BAT) was recently created [31],
which could be crossed with Atgl fl/fl mice for further investigations in lactationassociated BMA lipolysis.
H.2.2 Effects of PTHrP signaling on regulating BMA alterations during a reproductive
cycle
In addition to the exploration into the potential lipolysis induced by pregnancy
and lactation, the underlying signaling pathway that accounts for this lipolysis remains to
be investigated. Although the precise endocrine signals responsible for pregnancy- and
lactation-associated alterations in body metabolism are not fully understood, parathyroid

187

hormone-related protein (PTHrP) is considered as a critical factor in skeletal regulation
during a reproductive cycle [32]. The levels of PTHrP gradually increase throughout the
course of pregnancy, maintain elevated during lactation, and return to normal after
weaning [32]. Intriguingly, previous literature shows that the PTH/PTHrP receptor are
expressed in adipocyte lineage cells. An elevated level of PTHrP could activate cAMPPKA signaling pathway to enhance MAPK activity, leading to phosphorylation of
PPARγ, and thereby downregulating adipocyte differentiation [33]. Moreover, the
activation of cAMP-PKA signaling could also result in lipolytic action in WAT and BAT,
indicating the significance of PTHrP signaling in adipocyte lipolysis generally [34].
In addition to pregnancy and lactation, PTHrP can also be upregulated by cancer.
By utilizing an AdipoqCre-PTHR-KO mouse model, a recent study investigated the
effects of PTH/PTHrP receptor on cachexia in a cancer model of Lewis lung carcinoma
[35, 36]. No difference was found in body weight, food/water intake, physical activities,
and WAT/BAT weight between knockout (KO) mice and their wild type (WT) litter
mates, indicating a generally normal behavior in the KO animals [35, 36]. Although no
data was reported in bone marrow adipose tissue, the cancer-induced white adipose
browning/wasting was blocked in KO mice, indicating the critical role of PTH/PTHrP
receptor in regulating the dynamics of lipids [35, 36]. Based on these findings in WAT
and BAT, it is possible that the PTHrP signaling may function similarly in BMAs.
Therefore, by utilizing an inducible AdipoqCreER-PTHR-KO mouse model, we can
precisely control the timing of PTHR knockout to further elucidate the effect of PTHrP
signaling in BMAs during reproduction and lactation.
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H.2.3 Communication between BMAs and bone
The majority of the studies reported in the specific Aim 2, as well as most of the
future experiments proposed thus far, have focused on the direct effects of reproduction
and lactation on maternal BMAs. To better elucidate the mechanisms behind the unique
positive association between bone mass and marrow adipose tissue, a fundamental
understanding of the communication between BMAs and bone are warranted for further
investigation, which may potentially illustrate the synergistic effects between osteogenic
vs. adipogenic lineage cells in maternal skeleton.
Previous literature implies a complex and perplexing communication between
BMAs and bone. Several factors that secreted from adipocytes, including receptor
activator of nuclear factor kappa B ligand (RANKL), extracellular vessels (EVs),
adipokines, and inflammatory factors, have been suggested to play an important role in
regulating bone metabolism [14]. Recent studies reveals that the RANKL can be secreted
by BMAs [37-40]. Fan et al. utilized a PrxCre-PTHR-KO mouse model in their study to
delete PTH/PTHrP receptor in bone marrow stem cells (MSCs), and found remarkable
upregulated mRNA expression levels of RANKL in the isolated marrow adipocytes than
the whole BM, suggesting BMAs could be a critical compartment for RANKL secretion
[37]. Moreover, two recent independent studies further addressed the relationship
between BMA-secreted RANKL and osteoclastgenesis by using AdipoqCre-RANKL-KO
mouse model, and found that BMAs play a critical role in regulating bone remodeling
activities via RANKL/RANK-dependent modulation of osteoclastgenesis under both
physiological and pathological conditions [39, 40]. Furthermore, previous literature
suggests that the EVs contain adipocyte specific transcripts, which may lead to a down-
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regulation in osteogenesis [14, 41]. In addition, adiponectin is an important adipokine,
which could link the whole-body homeostasis to marrow adiposity [24, 42]. Leptin is
another important factor in regulating bone metabolism via different signaling pathways,
which has been summarized by Li et al. and stated as following [14]. It has been
suggested that leptin could decrease the bone formation by activating Jak2/Stat3
signaling in MSCs [43] or through a CREB-mediated process [44, 45]. Interestingly,
leptin could also stimulate Leptin receptor (LepR) in hypothalamic arcuate nuclei
neurons and increases the expression of cocaine amphetamine regulated transcript
(CART) for RANKL downregulation, leading to an elevation in bone remodeling [46].
Therefore, taken together, these suggested signaling pathways accounting for the
communication between BMAs and bone build foundations for our future studies in
elucidating the potential crosstalk between BMAs and bone cells during reproduction and
lactation. Further evaluation of the corresponding gene regulations may lead to a better
understanding of the distinct positive association between marrow adiposity and bone
mass during reproduction and lactation.
I. Final Conclusions
All together, these studies provided important information on both immediate and
long-term effects of reproduction and lactation on the maternal bone mechanoresponsiveness, osteocyte microenvironment, bone marrow mesenchymal progenitors,
and bone marrow adipocytes by using both rat and mouse models. We conclude that,
although reproduction and lactation induce long-lasting skeletal changes, the maternal
physiology comprises innate cellular compensatory mechanisms that allow for the
maintenance of skeletal mechanical integrity and metabolic homeostasis, protecting the
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maternal bone against estrogen deficiency later in life. The findings reported here fill the
critical knowledge gap on skeletal changes between childbearing and post-menopause,
providing important clinical insights for osteoporosis prevention, management, and
treatment in postmenopausal women by considering their histories of reproduction and
lactation.
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